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Preface 
This thesis is structured as a series of connected papers that have been 
published, are in press or are under review at the time of thesis submission. These 
papers are listed at the end of this preface. All papers were intended as stand-alone 
pieces of work. For this reason, there is some unavoidable repetition between papers, 
such as in the description of the study area and designs. In addition, minor stylistic 
differences between papers resulted from different journal styles. Although Australian 
spelling is used in most sections of this thesis, most papers were written in American 
English. 
 
The formatting and content of this thesis comply with The Australian National 
University’s College of Medicine, Biology and Environment guidelines for ‘Thesis by 
Compilation’. In line with these guidelines, a Context Statement has been provided at 
the beginning of this thesis. The Context Statement is not intended to be a complete 
literature review, but rather a framework to guide the reader across the different sections 
of this thesis, demonstrating the relationship between all aspects of the research.  
 
I performed the majority of the work presented in this thesis. This included 
developing research questions and experimental designs, data collection and analysis, 
and writing manuscripts. I led the writing of all papers presented in this thesis and 
produced all figures and tables (except statistical notation in Appendix A, Table 1, 
Paper IV, contributed by Wade Blanchard). However, at each stage of the design, 
execution and write up of research, I was advised by my supervisors (David 
Lindenmayer, Don Driscoll and Philip Gibbons) and collaborators (Martin Escobar, 
Wade Blanchard, Aram Calhoun and Ayesha Tulloch). The addition of different co-
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authors to each paper reflects contributions to the conceptualisation of ideas, collection 
and analysis of data, and editing of manuscripts. Specific contributions of co-authors to 
each paper are outlined below. The author contribution statements below have been 
agreed to in writing by all authors in the respective author lists. Other assistance for 
each paper is acknowledged at the end of each paper. 
 
Paper I: Villaseñor, N.R., Driscoll, D.A., Gibbons, P., Calhoun, A.J.K., & 
Lindenmayer, D.B. (2015). The relative importance of terrestrial and aquatic 
variables for frogs in an urbanizing landscape: Key insights for sustainable 
urban development. Landscape and Urban Planning (in re-review). 
Conceptualisation & Design: NRV, DAD, PG, DBL; Data collection: NRV; Data 
analysis: NRV; Manuscript drafting: NRV; Manuscript editing: NRV, DAD, AJKC, 
PG, DBL. 
 
Paper II: Villaseñor, N.R., Driscoll, D.A., Escobar, M.A.H., Gibbons, P., & 
Lindenmayer, D.B. (2014). Urbanization impacts on mammals across urban-
forest edges and a predictive model of edge effects. Plos One, 9, e97036. 
Conceptualisation & Design: NRV, DAD, DBL; Data collection: NRV, MAHE; Data 
analysis: NRV; Contributed materials & analysis tools: NRV, DBL; Wrote the paper: 
NRV; Supervisory guidance: DAD, PG, DBL; Commented on the manuscript and 
provided editorial advice: DAD, MAHE, PG, DBL. 
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Paper III: Villaseñor, N.R., Blanchard, W., Driscoll, D.A., Gibbons, P., & 
Lindenmayer, D.B. (2015). Strong influence of local habitat structure on 
mammals reveals mismatch with edge effects models. Landscape Ecology, 30, 
229–245. 
Conceptualisation & Design: NRV, DAD, PG, DBL; Data collection: NRV; Data 
analysis: NRV, WB; Manuscript drafting: NRV; Manuscript editing: NRV, WB, DAD, 
PG, DBL. 
 
Paper IV: Villaseñor, N.R., Blanchard, W., & Lindenmayer, D.B. (2016). 
Decline of forest structural elements across forest-urban interfaces is stronger 
with high rather than low residential density. Basic and Applied Ecology (in 
press). 
Conceptualisation & Design: NRV, WB, DBL; Data collection: NRV; Data analysis: 
NRV, WB; Statistical notation: WB; Manuscript drafting: NRV; Manuscript editing: 
NRV, WB, DBL. 
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Abstract 
 Unprecedented human population growth combined with rapid urbanisation of 
forest ecosystems highlight an urgent need to plan for biodiversity conservation in 
forested landscapes. To provide scientific evidence to guide management strategies and 
urban planning, I studied the distribution and/or abundance of amphibians and 
mammals and vegetation structure in a forest-dominated landscape in south-eastern 
Australia. In five scientific papers in three sections, I tackled important gaps of 
knowledge on: (1) the distribution of pond-breeding frogs (Paper I); (2) the distribution 
and abundance of mammals and vegetation structure across forest-urban interfaces 
(Papers II-IV); and (3) the fate of mammals under future scenarios of compact versus 
dispersed urban growth (Paper V). 
 
In the first section, I studied the influence of aquatic and terrestrial variables on 
species richness and individual species occurrence of pond-breeding frogs in an 
urbanising landscape. I found the occurrence of common frogs depended on 
characteristics of the local aquatic habitat. In contrast, the terrestrial habitat was 
important for rare frogs: rare species richness declined with small increases in road 
cover as far as 1 km from the breeding habitat. While provision of aquatic habitat within 
urban areas may increase the occurrence of common species, I identified the need to 
preserve aquatic habitats within large forest reserves to conserve urban-sensitive 
amphibians. 
 
In the second section, I studied the distribution and abundance of mammals and 
vegetation structure across forest-urban interfaces of high and low housing density. For 
forest-dwelling mammal species, I found low-density housing developments provided 
 x 
suitable habitat, whereas high-density housing developments had low species richness 
and species abundance. The lower abundance of forest-dwelling mammals in high-
density housing developments was likely due to a stronger decline of forest vegetation 
structures across the forest-urban interface. In addition, I found the distribution of 
ground-dwelling mammals was better explained by local habitat structure (e.g. 
understorey cover) than by housing density or distance to an urban boundary. Based on 
my findings, I argued for the local-scale management of vegetation to improve habitat 
quality for mammals (e.g. to maintain/provide mature trees and understorey cover). 
Because a forest-dwelling species reduced its abundance at long distances from urban 
boundaries, I recommended limiting the amount of forest-urban interfaces when 
planning for urban development. 
 
In the third section, I quantified the changes in mammal distribution and 
abundance at a landscape scale under future scenarios of compact (i.e. high-density 
housing) versus dispersed (i.e. low-density housing) urban growth. Although I 
previously found that dispersed development maintained biodiversity, I discovered that 
the occurrence and abundance of urban-sensitive species had a greater decrease under 
dispersed rather than compact development. I concluded compact urban growth is less 
damaging in landscapes with urban-sensitive fauna than dispersed development. 
 
Taken together as a connected body of work, my PhD research demonstrates 
that positive conservation outcomes will be best achieved by integrating: local-scale 
management of habitat to improve habitat condition for fauna, with land use planning 
and urban growth policies. Land planning and urban growth policies should aim to limit 
forest clearing and fragmentation, the amount of forest-urban interfaces, and the sprawl 
of low-density housing development.  
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Context Statement 
Introduction 
Unprecedented human population growth highlights an urgent need to plan for 
biodiversity conservation in landscapes under increased urban pressures. Global human 
population reached 7.3 billion in July 2015: an increase of 1 billion people in the last 
twelve years (United Nations, 2015). By 2030, our planet Earth is predicted to support 
8.5 billion people (United Nations, 2015), and of these, about 5 billion will live in cities 
or towns (United Nations, 2012). Rapid human population growth has triggered rapid 
development of rural and natural lands (Stein et al., 2012, Mann et al., 2014, Intact 
Forest Mapping, 2014). Even on continents where human population growth is 
stabilising, such as Europe, housing developments continue to expand as a result of 
fewer people living in each dwelling and increasing demand for second houses (Pejchar 
et al., 2015, Mann et al., 2014, RnR Market Research, 2014, Kasanko et al., 2006). 
Rapid urbanisation poses severe threats to biodiversity (McDonnell and Hahs, 2015, 
Baillie et al., 2010) because it leads to marked environmental change (Pickett et al., 
2011, Gaston et al., 2014, Luck et al., 2009) and underpins the loss, degradation and 
fragmentation of habitats (McKinney, 2002, Biamonte et al., 2011, Rytwinski and 
Fahrig, 2015). Therefore, urbanisation can affect biodiversity from local to global scales 
(McKinney, 2006, Aronson et al., 2014, Groffman et al., 2014, Luck and Smallbone, 
2011, Seto et al., 2012). 
 
Planning for biodiversity conservation is particularly important in forest 
landscapes because of pervasive deforestation and rapid urbanisation of forest 
ecosystems worldwide. About 85% of the world’s forest cover has been altered: 30% 
has been cleared, 20% has been degraded and a further 35% of large areas covered by 
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forests has been fragmented (World Resources Institute, 2015, Potapov et al., 2008, 
Mackey et al., 2015). Along with logging and fire (Hansen et al., 2013), urban 
development is an important cause of current forest loss and fragmentation (Intact 
Forest Mapping, 2014, Stein et al., 2012). Forest loss and fragmentation occur due to 
continued urban expansion at the expense of forested land in the proximity of urban 
centres (Miller, 2012), as well as new developments that are built to satisfy the desire of 
people to live close to nature (Kaplan and Austin, 2004, Pejchar et al., 2015). As urban 
settlements increase in area and number, there is a rapid increase in the number and 
extent of forest-urban interfaces (Radeloff et al., 2005, Reed et al., 2012, Wood et al., 
2014) and this poses a substantial threat to forests and the fauna they sustain (Baillie et 
al., 2010, Montreal Process Implementation Group for Australia and National Forest 
Inventory Steering Committee, 2013, Rytwinski and Fahrig, 2015). 
 
Biodiversity research in urban areas has received growing attention in the last 
two decades, which has provided a better understanding of biodiversity patterns in 
urban environments (Gagné, 2013, McDonnell et al., 2009, Mitchell et al., 2008, 
Gaston, 2010). Yet, there is limited knowledge to inform policy makers, managers, 
urban planners and residents as to how best to achieve biodiversity-sensitive urban 
development (McDonnell et al. 2009; Pejchar et al. 2015; but see Calhoun et al. 2014; 
Ikin et al. 2015). For instance, different intensities of residential development at forest-
urban interfaces are likely to result in different outcomes for biodiversity, yet there is a 
paucity of biodiversity research in these areas (Bar-Massada et al., 2014, Radeloff et al., 
2005). Interfaces have received extensive attention in the ecological literature (e.g. edge 
effects, Forman, 1995, Ries et al., 2004, Harper et al., 2005, Harper et al., 2015); 
however, most urban studies have focused on urban-to-rural gradients to frame their 
research questions (McDonnell and Hahs, 2008, Gagné, 2013). Thus, little is known 
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about the edge effects caused by different kinds of urban development (but see Hodgson 
et al., 2007, Brearley et al., 2011, Brearley et al., 2010, Ikin et al., 2015). Given the 
rapid and accelerating expansion of urban areas, the lack of attention to biodiversity in 
wildland-urban interfaces has resulted in a major knowledge gap (Radeloff et al., 2005, 
Bar-Massada et al., 2014). 
 
Another knowledge gap in urban biodiversity research is the bias towards the 
study of birds. Among terrestrial vertebrates, birds are frequently studied in urban 
biodiversity research (e.g. reviewed by Chace and Walsh, 2006, Evans et al., 2009, 
Marzluff and Ewing, 2001), but little is known on how different residential patterns 
affects other groups, such as amphibians and mammals (reviewed by Garden et al., 
2006, McKinney, 2008, McDonnell and Hahs, 2008). The study of amphibians in 
urbanising landscapes is important because urbanisation threatens ~950 amphibian 
species with extinction worldwide (Baillie et al., 2010). However, our ability to guide 
conservation efforts for amphibians remains limited because amphibians are among the 
least studied vertebrate groups in urban biodiversity research (Pickett et al., 2011, 
Garden et al., 2006, Pejchar et al., 2015, McDonnell and Hahs, 2008, Hamer and 
McDonnell, 2008). Mammals are also facing significant threats: urbanisation is 
currently threatening >400 mammal species with extinction worldwide (Baillie et al., 
2010). Because the highest proportion of terrestrial mammals inhabit forests, 
deforestation and coastal development are the biggest threats to terrestrial mammal 
species (Baillie et al., 2010). Therefore, in an increasingly urbanising world, there is an 
urgent need for insights into how to minimize the negative impacts of urban settlements 
and future urban growth on amphibians and mammals. 
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To provide urban planners and managers with empirical evidence to guide 
biodiversity conservation in forest landscapes under increased urban pressures, I aimed 
to understand the effects of urban development on amphibians, mammals and their 
habitat (vegetation structure) in a forest-dominated landscape in south-eastern Australia. 
An improved understanding of the effects of urbanisation of forest ecosystems on 
amphibians, mammals and vegetation structure is particularly important in Australia. 
This is because of: (1) continued high deforestation rates of Australia’s natural forests 
that threaten its forest-dwelling fauna (Montreal Process Implementation Group for 
Australia and National Forest Inventory Steering Committee, 2013), (2) a paucity of 
biodiversity research on amphibians in modified landscapes in Australia (Hazell, 2003, 
Hamer and McDonnell, 2008), and (3) the high extinction rate of Australian mammals 
since European settlement (Woinarski et al., 2015, Lindenmayer, 2015). I expand on 
these points in the following section. 
 
The Australian context 
In Australia, forests are valued for their unique biodiversity, cultural heritage 
and provision of goods and services (e.g. wood products, carbon sequestration, and 
water and soil protection) (Montreal Process Implementation Group for Australia and 
National Forest Inventory Steering Committee, 2013). Yet, forests have been severely 
impacted over 200 years of European settlement and currently face high anthropogenic 
pressures (Ritchie et al., 2013). Since European settlement, 38% of Australia’s native 
forests have been lost: Eucalypt forests have experienced the greatest loss (Bradshaw, 
2012); however, they still compose ca. 75% of the remaining forest vegetation 
(Montreal Process Implementation Group for Australia and National Forest Inventory 
Steering Committee, 2013). Currently, Australia has high and fast rates of forest loss 
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and degradation. A recent assessment of global forests revealed that Australia’s forest 
extent declined for the period 1990-2015 (0.1% forest annual decline rate based on 
forest land use) (FAO, 2015). The rate of intact forest landscape
1
 degradation in 
Australia from 2000 to 2013 was ca. 37% (Intact Forest Mapping, 2014), and this 
placed Australia among the countries with the highest intact forest landscape 
degradation rates along with third-world economy countries - such as Paraguay, 
Bolivia, Myanmar, Gabon, Cameroon and Malaysia (Hansen et al., 2010, Intact Forest 
Mapping, 2014). Although the principal cause of forest loss in Australia is fire (Hansen 
et al., 2010), over the past 200 years large expanses of forest have been cleared for 
agriculture, plantations, pastures and urban development (Bradshaw, 2012). 
 
Urbanisation of forests and disturbance by urban infrastructure poses a 
significant threat to forest-dwelling fauna. Urban development covers <0.5% of 
Australian terrestrial areas (ABARE–BRS, 2010), but accounts for ca. 20% of present 
and future threats to fauna (Lindenmayer and Burgman, 2005, Montreal Process 
Implementation Group for Australia and National Forest Inventory Steering Committee, 
2013). Currently, most of the remaining forest cover is severely fragmented. This is 
particularly evident in south-eastern Australia, where urban development, roads, 
agriculture and plantations isolate existing fragments and severely compromise forest-
dwelling biodiversity (Lindenmayer and Burgman, 2005, Montreal Process 
Implementation Group for Australia and National Forest Inventory Steering Committee, 
2013). 
 
                                                     
1
 An unbroken expanse of natural ecosystems within the zone of current global forest extent, showing no 
significant human activity, and large enough that all native biodiversity could be maintained (minimum 
size= 50,000 ha) (Potapov et al., 2008, Intact Forest Mapping, 2014).  
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In south-eastern Australia, coastal populations of fauna at risk are increasingly 
threatened by habitat loss and urban development (Montreal Process Implementation 
Group for Australia and National Forest Inventory Steering Committee, 2013). In 
particular, the south coast of New South Wales (NSW) is undergoing clearing of forest 
vegetation for residential development due to a relatively high rate of human relocation 
to this area and a high demand for holiday houses on the coast (State of New South 
Wales, 2007, Shoalhaven City Council, 2015). 
 
The south coast of NSW is characterized by high biodiversity values and thus, 
several areas are reserved for biodiversity conservation (NSW Office of Environment 
and Heritage, 2011). However, little is known about how urban development affects the 
terrestrial fauna native to the area, limiting appropriate management and planning for 
biodiversity conservation. For instance, despite a growing literature on amphibians, the 
paucity of frog-habitat research in modified landscapes through Australia limits 
appropriate management (Hazell, 2003, Garden et al., 2006, Hamer and McDonnell, 
2008). Approximately 96% of frog species have insufficient data to assess their viability 
in NSW (State of the Environment 2011 Committee, 2011). Furthermore, among 
vertebrates, mammals have experienced the highest rate of extinctions in the continent 
(Woinarski et al., 2015, Lindenmayer, 2015), and urban development is likely to have 
caused the local extinction of several mammals in south-eastern Australia (van der Ree 
and McCarthy, 2005). Therefore, there is an urgent need for scientific evidence to guide 
urban planning and management strategies to conserve the unique biodiversity of this 
region. 
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Research aims 
The overarching aim of my PhD research was to provide scientific evidence on 
which to base conservation strategies, urban planning, and management for biodiversity 
conservation in forest landscapes undergoing urbanisation. To do this, I: (1) studied the 
relationships between landscape elements (e.g. roads, urban boundaries, forests) and the 
distribution and/or abundance of frogs and mammals and vegetation structure in a 
forest-dominated landscape undergoing increased residential development in south-
eastern Australia; (2) predicted future change of the distribution and abundance of 
mammals under different scenarios of urban growth; and (3) drew on my findings to 
suggest recommendations for biodiversity conservation. My key research questions for 
each paper were: 
1. How is the distribution of pond-breeding frogs influenced by aquatic and 
terrestrial environments in an urbanising forested landscape? (Paper I) 
2. How do the distribution and abundance of forest-dwelling mammals 
change across forest-urban interfaces of high and low housing density? (Paper 
II) 
3. What are the main variables influencing mammal distributions at forest-
urban interfaces of high and low housing density? (Paper III) 
4. How does habitat structure (structural vegetation) change across forest-
urban interfaces of high and low housing density? (Paper IV) 
5. What pattern of urban growth meets future housing demand whilst 
minimizing impacts on biodiversity? (Paper V) 
6. How can my findings guide urban planning and management strategies 
to mitigate urbanisation impacts on biodiversity and achieve positive 
conservation outcomes? (Papers I-V)  
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I answered these questions by collecting empirical data using two different 
approaches for the study of biodiversity in urban landscapes: urbanising forested 
landscape
2
 (Figure 1) and forest-urban interface (Figure 2). Then, for question number 
5, I used empirical data on mammals and spatially-explicit simulations to estimate the 
change in the distribution and abundance of mammals under compact versus dispersed 
scenarios of urban growth. Thus, I used three different perspectives to study the effects 
of urbanisation on biodiversity: (1) current distribution across an urbanising forested 
landscape (Paper 1); (2) current distribution and abundance across forest-urban 
interfaces (Papers II-IV); and (3) future distribution and abundance under scenarios of 
compact versus dispersed urban growth (Paper V) (Figure 3). 
 
 
Figure 1. Study area showing 28 locations (ponds) where I surveyed amphibians in an 
urbanising forested landscape in south-eastern Australia. The Nowra-Bomaderry urban 
centre is located in the northern part (see Paper I for more details). 
                                                     
2
 It may represent an urban-to-rural gradient (McDonnell and Hahs, 2008). 
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Figure 2. Examples of the two dominant types of forest-urban interfaces in south-
eastern Australia where I surveyed forest-dwelling mammals, ground-dwelling 
mammals and vegetation structure. (A) Forest-urban interfaces of high housing density 
comprised forests adjacent to residential zones with single storey houses (~0.06 ha lot 
size). (B) Forest-urban interfaces of low housing density corresponded to forests 
adjacent to rural residential zones (0.2-16 ha lot size) (see Papers II, III and IV). Image: 
Google Earth. 
 
 
  
Figure 3. Papers under the three different perspectives used to study current and future 
distribution and abundance of biodiversity in a forest landscape under increased urban 
pressures. 
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The disciplinary and theoretical bases involved in my research are developed in 
each paper. Most of the theories are related to ecological sub-disciplines, such as 
Landscape Ecology, Urban Ecology and Conservation Biology. In each paper I 
explored the influence of urban-related disturbance on ecological responses. The 
theories I built on include the distribution patterns of common (i.e. frequently 
encountered) and rare (i.e. infrequently uncounted) species (Paper I), habitat loss and 
fragmentation (Paper I-V), matrix/patch type (Paper I-V), edge effects (Papers II-IV), 
land sharing versus land sparing framework (Paper V) and the problem of scale (e.g. 
dominant patterns/processes at small scales may not prevail at large scales; Paper V). 
 
Each paper in my thesis is intended as a stand-alone contribution. For this 
reason, I have included cited literature and supporting material in each paper.  
 
Study area 
I undertook my research on the south coast of New South Wales (NSW), south-
eastern Australia. My study region encompassed an area between the city of Nowra 
(34°52’S 150°36’E) and Berrara (35°12’S 150°33’E), and covered approximately 600 
km
2
 (Figure 1). The study region has a temperate climate, with warm summers and mild 
winters. Annual mean minimum and maximum air temperatures are 13.8°C and 20°C, 
respectively. Annual rainfall is ca. 1,000 mm and is spread evenly throughout the year 
(Bureau of Meteorology, 2013).  
 
The study area is dominated by native eucalypt forests and woodlands, wetlands, 
and rural and urban areas of different housing densities. In Paper I, rural areas 
comprised cleared areas for rural residential allotments and livestock paddocks. Urban 
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areas comprised several small towns (<10,000 habitants) and the Nowra-Bomaderry 
urban centre (~35,000 habitants) (Australian Bureau of Statistics, 2011) (Figure 1). In 
Papers II-V, I focused on a section of the landscape which comprised two main urban 
land-use types: residential and rural residential. Residential zones dominated by single 
storey houses (~0.06 ha lot size) represented urban areas with high housing density; 
whereas rural residential zones (0.2-16 ha lot size) represented urban areas with low 
housing density (Figure 2). Considering the degrees of urban development around the 
world, this landscape dominated by forests and woodlands has a low level of urban 
development. 
 
Population growth and increased demand for holiday houses is triggering forest 
clearing for urban development. The growth in the number and size of urban settlements 
is increasing the amount of forest-urban interfaces of different housing densities. Yet, 
before my PhD research, little was known about the effects of residential developments 
on biodiversity in this region.  
 
Summary of outcomes 
Section 1. Current distribution across an urbanising forested landscape. 
Paper I: “The relative importance of terrestrial and aquatic variables for frogs in an 
urbanizing landscape: Key insights for sustainable urban development”.  
Although urbanisation threatens >900 amphibian species with extinction 
worldwide (Baillie et al., 2010), there is only limited empirical evidence to guide 
amphibian conservation efforts in landscapes under increased urban pressures. In Paper 
I, I investigated how the distribution of pond-breeding frogs is influenced by aquatic 
variables (measured at a pond) and terrestrial variables (measured at three spatial scales: 
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10 m, 100 m and 1 km) in an urbanising forested landscape. I focused on three types of 
response variables: (1) individual species occurrence of common species (recorded at 
>35% ponds), (2) total species richness, and (3) rare species richness (recorded at <35% 
ponds). I found that the occurrence of four of five common species was best predicted 
by the local aquatic habitat: the probability of occurrence for Crinia signifera, Litoria 
peronii, L. tyleri and Limnodynastes peronii increased with water body size. In contrast, 
rare species richness declined with a reduction of forest cover and increased 
urbanisation as far as 1 km from breeding habitats. Total species richness reflected the 
influence of local habitat on common species as well as landscape variables on rare 
species. Based on the contrasting responses of common and rare frog species, I argued 
the need for more than one management approach to balanced conservation of common 
and rare species of pond-breeding frogs in our region. I suggested that the conservation 
of common frogs in urban areas may be improved by managing aquatic habitats (e.g. 
water body size). In contrast, to conserve rare frogs, there is a need to preserve ponds 
(where frog reproduction occurs) within a system of large forest reserves, so that both 
forest loss and urbanisation surrounding breeding ponds are prevented. 
 
Section 2. Current distribution and abundance across forest-urban interfaces. 
Paper II: “Urbanization impacts on mammals across urban-forest edges and a 
predictive model of edge effects”. 
Given a rapid and accelerating expansion of urban areas into forested areas 
(Stein et al., 2012, Wood et al., 2014), forest-dwelling animals are increasingly exposed 
to urban boundaries of different housing densities. In Paper II, I explored the response 
of forest-dwelling mammals across urban-forest edges of high and low housing density. 
I also surveyed forest controls to detect whether the influence of urban boundaries 
extended beyond the forest edge (300 m). I focused on three types of response 
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variables: species richness, total abundance and individual species abundance of 
arboreal marsupials (a forest-dwelling group). Paper II shows that low-density housing 
developments provided suitable habitat for most arboreal marsupials. In contrast, high-
density housing developments had lower species richness, total abundance and 
individual species abundance, but supported the highest abundances of an urban 
adapter, the common brushtail possum (Trichosurus vulpecula). For the yellow-bellied 
glider (Petaurus australis), the negative effects of urban areas extended beyond 300 m 
into adjacent forest. My study revealed that arboreal marsupials had different responses 
across urban-forest edges, which demanded further development of current predictive 
frameworks of edge responses. Thus, I developed a novel predictive framework based 
on a detailed understanding of a species and the environment involved, which will allow 
the prediction of both species responses across edges and impacts of development on 
fauna. Based on my findings, I suggested two fundamental strategies to minimize the 
impacts of urban developments: (1) mitigate the environmental impact of high-density 
housing developments on forest-dwelling species by providing key habitat structures 
(mature tree cover); and (2) limit the number of forest-urban interfaces at the planning 
stage to reduce the amount of forest area influenced by edge effects and, therefore, the 
impacts on sensitive species (e.g. forest-interior species).  
 
Paper III: “Strong influence of local habitat structure on mammals reveals mismatch 
with edge effects models”.  
Paper II suggested that urbanisation impacts on most arboreal marsupials were 
due to the clearing of key habitat structures (trees). Prompted by this finding, in Paper 
III, I identified the variables that best predicted mammal occurrence across urban-forest 
edges. For the first time, I tested whether the occurrence of ground-dwelling mammals 
across urban-forest edges and forest interiors was best predicted by: (1) edge variables 
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(i.e. housing density at the edge and distance to an urban boundary), (2) local habitat 
structure (e.g. proportion of understorey cover), or (3) edge variables after accounting 
for local habitat structure. This study is important because if local habitat variables are 
the main predictors of animal response, animal populations are likely to respond to local 
management of habitat (Kristan et al., 2003). If edge variables have a greater impact, 
local-scale habitat management might be unsuccessful in conserving animal 
populations, whereas decisions at the planning stage (e.g. configuration of development 
and housing densities) would have a greater effect on biodiversity. Thus, I quantified 
the factors influencing the occurrence of five native mammals and three non-native 
mammals. I found that edge variables had effects on most species occurrences, 
however, local habitat structure outweighed the influence of edge variables. Based on 
this evidence, I argued that local-scale management of habitat and habitat retention are 
likely to be important and useful strategies for counteracting the impacts of urban 
development on ground-dwelling fauna. I also emphasised the mismatch between 
predictive variables commonly used in predictive edge effects models (edge types and 
distance to a boundary) and local-scale habitat variables, which underlie most species 
occurrence. Therefore, it is important to consider heterogeneity within patches as a key 
variable influencing species responses in edge effects frameworks. 
 
Paper IV: “Decline of forest structural elements across forest-urban interfaces is 
stronger with high rather than low residential density”.  
Paper II and Paper III suggest that the strong negative effects on wildlife of 
forest-urban interfaces of high residential density may be due to a reduced availability 
of key vegetation structures for fauna. However, what seem to be minor modifications 
to land cover with low-density housing developments can result in major modifications 
to the local vegetation (Reed et al., 2012). Thus, in Paper IV, I addressed an important 
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gap in the literature by investigating the effect of residential density on vegetation 
structure (i.e. proportional cover of vegetation layers) across urban-forest interfaces. I 
found a strong decline of forest vegetation structure across forest-urban interfaces of 
high residential density (towns); whereas forest-urban interfaces of low residential 
density (rural residential) had a lower rate of decline of forest vegetation structures. 
Although habitat modification may be more obvious in major cities, my study contained 
evidence that it is also occurring in small towns (and to a minor extent in rural 
residential areas), with small towns exhibiting a very low cover of structural elements 
related to forests (e.g. litter, understorey, projective foliage). Because fauna heavily 
relies on vegetation structure (as demonstrated in Paper III), I argued that forest-
dependent fauna might be severely affected by the loss of habitat structures in towns 
and adjacent forests, and highlighted the urgent need to plan for biodiversity 
conservation in these areas. I discussed advances in land planning and fire risk 
management that may contribute to the conservation of forest vegetation structures at 
wildland-urban interfaces. 
 
Section 3. Future distribution and abundance under compact versus dispersed urban 
growth. 
Paper V: “Compact development minimizes the impacts of urban growth on native 
mammals”. 
Papers I-IV have shown the negative effect of high-density housing 
development on most frogs, mammals and vegetation structures characteristic of forests, 
respectively. However, developing lands at a high density of dwellings (compact) may 
be less damaging for biodiversity than developing lands at a lower density of dwellings 
(dispersed). This is because dispersed development requires the modification of larger 
expanses of lands to meet the same housing demand than compact development (Lin 
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and Fuller, 2013). In paper V, I used empirical data to predict the effect of compact 
(high housing density) versus dispersed (low housing density) urban growth on the 
distribution and abundance of six mammal species within spatially-explicit scenarios of 
development. I discovered that two ground-dwelling mammals (brown antechinus, 
Antechinus stuartii; and bush rat, Rattus fuscipes) and a forest-interior species (the 
yellow-bellied glider, Petaurus australis) exhibited a strong decline under dispersed 
rather than compact development. The strongest negative effect of dispersed 
development was on the forest-interior species, which exhibited up to a 39% reduction 
in abundance due to forest loss and an extended negative edge effect from urban 
settlements into adjacent forests (as shown in Paper II). Based on my study and 
increasing global evidence on the detrimental impacts of dispersed compared to 
compact urban growth, I recommend that land planners concentrate urban development 
in a small area (develop lands at a high density of housing) to preserve large expanses 
of forests for biodiversity conservation. 
 
Synthesis 
Continued human population growth combined with the rapid development of 
land for residential purposes underscore the need for scientific evidence on how to best 
manage and plan for urban development while conserving biodiversity. To contribute to 
a better understanding of the effects of urbanisation of forests on biodiversity, I focused 
on a forest-dominated landscape under increased residential development in south-
eastern Australia where I: (1) studied the relationship between landscape elements and 
the distribution and abundance of frogs and mammals and vegetation structure, and (2) 
built predictions for mammals under future urban growth. Based on my findings, I 
recommended strategies for urban planning and management that may improve habitat 
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quality for biodiversity within urban areas, limit urbanisation impacts on proximate 
environments, and minimise detrimental effect of future urban development on forests 
and the biodiversity they sustain (Table 1). 
 
 
Table 1. Key findings and recommendations for management and land planning to 
conserve biodiversity in urbanising forested landscapes. 
 
Paper Key findings Recommendations for management 
and land use planning 
Paper I: 
Distribution 
of pond-
breeding 
frogs in an 
urbanising 
forested 
landscape. 
- The influence of aquatic and 
terrestrial variables varied in 
importance for common and rare 
frogs: the occurrence of common 
frogs was best predicted by the local 
(aquatic) habitat, whereas rare frogs 
were influenced by terrestrial habitat 
at a large spatial scale (1 km from 
breeding ponds). 
- Species richness of rare frogs 
in ponds declined strongly with 
small increases in road length cover 
as far as 1 km from the breeding 
habitat. 
 
- Manage ponds (aquatic habitat) to 
provide suitable habitat within rural and 
urban areas for common frogs (that 
tolerate urbanisation). 
- Maintain a connected reserve 
system that aims to limit the loss of 
forest cover and urbanisation within 
large areas surrounding breeding ponds 
(> 1 km) for rare frogs (sensitive to 
urbanisation). 
- Undertake measures to mitigate 
the impacts of urbanisation on remaining 
populations (e.g. road mitigation 
measures). 
- Formulate local best development 
practices, undertake spatial planning and 
establish long-term monitoring and 
multidisciplinary studies to better 
integrate urban development and 
amphibian conservation. 
 
Paper II, III 
and IV: 
Distribution 
and 
abundance of 
mammals and 
vegetation 
structure 
across forest-
urban 
interfaces. 
- Towns (high-density housing 
developments) had strong negative 
impacts on forests and its 
biodiversity (e.g. arboreal 
marsupials, vegetation structure). 
- Rural residential areas (low-
density housing developments) 
retained structural elements related 
to forests and have allowed the 
persistence of some of the native 
fauna in urban settlements (e.g. 
arboreal marsupials). 
(see below for details) 
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Paper Key findings Recommendations for management 
and land use planning 
Paper II: 
Distribution 
and 
abundance of 
forest-
dwelling 
mammals 
across forest-
urban 
interfaces. 
- Towns had strong negative 
impacts on arboreal marsupials. 
- Rural residential areas 
retained structural elements related 
to forests and have allowed the 
persistence of some of the native 
fauna in urban settlements (e.g. 
arboreal marsupials). 
- The impacts of urban 
development can extend long 
distances beyond the urban boundary 
(e.g. > 300 m for a forest-interior 
species). 
- The effects of one 
environment on a species living in 
the adjacent habitat will depend on 
several factors related to the species 
and the environment involved at both 
sides of a boundary. 
 
- Mitigate the environmental impact 
of towns on tree-dwelling species by 
retaining or providing key habitat 
structures (e.g. mature tree cover). 
- Urban development must be 
several hundred meters away from 
conservation areas (e.g. National parks 
and reserves) to avoid affecting urban-
sensitive species within reserves. 
- Aim to reduce the number of 
forest-urban interfaces at the planning 
stage to limit the amount of forest habitat 
influenced by edge effects from urban 
areas. 
 
Paper III: 
Distribution 
of ground-
dwelling 
mammals 
across forest-
urban 
interfaces. 
- Local habitat structure (e.g. 
understorey cover) had strong effect 
on most ground-dwelling mammal 
occurrences and outweighed the 
effects of edge variables (i.e. housing 
density at the edge and distance to an 
urban boundary). 
- Use local-management of habitat 
to counteract the impacts of urban 
development on biodiversity. 
- Improve habitat structure in public 
and private spaces: retain native 
vegetation at the planning stage, use 
restoration strategies, reduce the “tidying 
up” (sensu McDonnell, 2007) of urban 
vegetation (e.g. mowing, pruning and 
felling) in public spaces and private 
properties (gardens) to increase suitable 
habitat for ground-dwelling fauna. 
 
Paper IV: 
Change in 
vegetation 
structure 
across urban-
forest 
interfaces. 
- Vegetation structures 
characteristic of forests (e.g. litter, 
understorey, foliage cover) strongly 
declined across urban-forest 
interfaces in towns compared to rural 
residential areas. 
- Maintain forest habitat structures 
in towns (e.g. litter, understorey, 
projective foliage) – Avoid “tidying up” 
of natural vegetation in urban 
environments. 
- Manage understorey cover at 
forest-urban interfaces to improve 
habitat complexity. 
- Develop tactics to minimise 
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Paper Key findings Recommendations for management 
and land use planning 
conflicts between retention of vegetation 
structure and asset protection in fire-
prone regions. 
 
Paper V: 
Future 
distribution 
and 
abundance of 
mammals 
under 
compact 
versus 
dispersed 
urban growth. 
- Developing land at a low 
density of dwellings was more 
detrimental for urban-sensitive fauna 
(small ground-dwelling mammals 
and forest-interior species) than 
developing land at a high density of 
dwellings. 
- The occurrence and 
abundance of most mammals was 
highly affected by housing density, 
but not by the spatial location of 
development. 
- When first planning for future 
urban growth, plan urban areas following 
a compact strategy of urban growth 
rather than a dispersed strategy. 
- Urban growth policies in forested 
landscapes should aim to limit urban 
sprawl and dispersed development. 
- Landscape planning and urban 
growth policies should not be limited to 
the spatial location of development, but 
must consider the trade-off between the 
intensity of the threat and area of sprawl. 
 
 
In conclusion, to conserve biodiversity in forested landscapes under increased 
urban pressures a variety of strategies must be considered. Even when targeting the 
conservation of a functionally similar faunal group (e.g. pond-breeding frogs, tree-
dwelling mammals), positive conservation outcomes will be best achieved by 
integrating: (1) local-scale management of habitat to improve habitat condition for 
fauna; and (2) land use planning and urban growth policies to limit forest clearing and 
fragmentation (e.g. roads), the amount of forest-urban interfaces and the sprawl of low-
density housing development. Although my study was located in south-eastern 
Australia, these recommendations for management and planning of urban areas are 
likely to be relevant to other forested landscapes under increased urban pressure 
worldwide. 
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Contribution to the discipline 
My PhD research provides a knowledge base for ecological sub-disciplines, 
such as Conservation Biology, Urban Ecology and Landscape Ecology. It contributes to 
Conservation Biology and Urban Ecology by providing a strong foundation from which 
to plan, design and manage urban development that minimises the impacts on 
biodiversity (summarised in Table 1). In particular, it presents evidence-based strategies 
for the conservation of amphibians and mammals, two vertebrate groups that are under-
studied in ecological and urban biodiversity research. The findings of my PhD research 
also contribute to the sub-discipline of Landscape Ecology by addressing both the lack 
of biodiversity research at wildland-urban interfaces (edge effects) and the almost 
absent landscape-scale quantification of the impacts of future urban growth on fauna. 
 
Beyond the scientific evidence on habitat loss and fragmentation associated with 
urban development (Papers I-V), further knowledge was developed regarding: the 
distribution of common and rare species and the importance of predictive variables at 
local and landscape scales (Paper I); predictive models of edge effects (Papers II-IV); 
the importance of heterogeneity within habitat patches (Paper III); land sharing vs. land 
sparing framework (e.g. the trade-off between housing density and sprawl area) and the 
problem of scale in Ecology (Paper V). The novel and cogent contribution of each paper 
to the discipline opens further avenues for ecological research. 
 
Future research priorities under global urbanisation 
Conserving biodiversity in urbanising landscapes is a challenging task. As 
shown in my PhD research, the effects of development on biodiversity are likely to vary 
among species, levels of urbanisation, and scales of analysis. Therefore, a variety of 
species, sites, scales, methods and perspectives for the study of urbanising landscapes 
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must be undertaken. Evaluating the trade-off between area of sprawl and intensity of 
development is particularly important in regions experiencing dispersed urban 
development, such as North America (Mann et al., 2014, Brown et al., 2014) and other 
areas worldwide (Kasanko et al., 2006, Seto et al., 2012). 
 
There are many other gaps of knowledge that need to be filled. Long-term 
monitoring studies are urgently needed to inform policy and practice and allow for 
adaptive management (e.g. Ahern et al., 2014, Calhoun et al., 2014). In particular, the 
lack of multidisciplinary studies in urbanising landscapes, where economic, social and 
environmental interests combine, is a major research gap that limits sustainable 
development (Pejchar et al., 2015). Future research could investigate how best to 
achieve biodiversity conservation whilst maintaining social benefits and economic 
development (for a list of relevant topics in the discipline of Urban Ecology see 
McDonnell, 2015). There are several areas of knowledge that need to be explored and 
integrated in the challenging endeavour of conserving biodiversity under global 
urbanisation. 
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Paper I: The relative importance of aquatic and 
terrestrial variables for frogs in an urbanizing 
landscape: Key insights for sustainable urban 
development 
 
 
 
 
 
If managed appropriately, garden ponds can provide suitable habitat for common frogs. 
 
 
 
 
Villaseñor, N.R., Driscoll, D.A., Gibbons, P., Calhoun, A.J.K., & Lindenmayer, D.B. 
(2015). The relative importance of terrestrial and aquatic variables for frogs in an 
urbanizing landscape: Key insights for sustainable urban development. Landscape and 
Urban Planning (in re-review). 
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Highlights 
• Common frog species were associated with the quality of local aquatic habitat  
• Rare frogs strongly declined with road length within 1 km from breeding ponds 
• A few common frogs can be conserved by providing suitable aquatic environments 
• Aquatic habitat within forest reserves may help conserve urban-sensitive amphibians 
• Management of habitat and land use planning are needed for amphibian conservation 
 
Abstract 
Globally, urbanization threatens ~950 amphibian species with extinction. Yet a lack of 
knowledge on the factors influencing common and rare species in landscapes that are 
under increasing urban development pressure is limiting effective conservation. We 
examined the relative importance of aquatic variables (pond) and terrestrial variables (at 
three spatial scales: 10 m, 100 m and 1 km), for common (occurrence ≥ 36%) and rare 
(occurrence ≤ 21%) frogs in an urbanizing forested landscape in southeastern Australia. 
Species richness and the occurrence of four common species were influenced by the 
aquatic environment (water body size, aquatic vegetation). Species richness also 
decreased with increasing urbanization within 1 km. This trend was driven by a strong 
decrease in richness of rare species with increasing road length within 1 km from 
breeding ponds. Richness of rare species also decreased with a reduction in forest cover 
within 10 m to 1 km from breeding ponds. Our findings suggest that frog conservation 
in urbanizing landscapes requires a mix of strategies across different spatial scales. 
Maintaining or re-establishing common frogs in urbanizing forested landscapes is likely 
to be achieved by providing ponds with suitable aquatic environments. However, to 
conserve several frog species that are sensitive to forest loss and urbanization, breeding 
habitats need to be maintained within a network of large forest reserves. Land planners 
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therefore need to develop guidelines to provide suitable local habitat for common frogs. 
They also need forward-thinking spatial planning that retains native vegetation and 
prevents urbanization around breeding ponds to conserve urban sensitive amphibians in 
urbanizing landscapes. 
Keywords: Crinia signifera; Litoria peronii; Limnodynastes peronii; pond-breeding 
amphibians; sustainable urban development, forest-urban gradient. 
 
1. Introduction 
As the human population increases, a better understanding of how amphibian species 
respond to urbanization is needed worldwide. Urban human populations will increase 
by 2.7 billion from 2010 to 2050 (United Nations, 2012). Therefore, development for 
residential purposes will continue modifying landscapes and threatening biodiversity in 
many regions of the world (Aronson et al., 2014; Pejchar, Reed, Bixler, Ex, & Mockrin, 
2015; Pickett et al., 2011). Among vertebrates, amphibians are the most threatened 
group: about 40% of amphibian species are threatened with extinction and the average 
size of populations has declined by up to 80% in the last four decades (based on 357 
populations of 162 species from around the world; Baillie, Griffiths, Turvey, Loh, & 
Collen, 2010). Given that urban development threatens about 950 amphibian species 
with extinction (Baillie et al., 2010; Hamer & McDonnell, 2008), how can we conserve 
amphibians in an urbanizing world? 
 
Amphibians rely on aquatic environments for breeding and larval development, and on 
terrestrial environments during juvenile and adult stages (Anstis, 2007; Hazell, 2003; 
Semlitsch & Skelly, 2008). Thus, attributes of aquatic and terrestrial environments can 
affect amphibian distributions. Key variables from the aquatic environment influencing 
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amphibian distributions include water body size, hydroperiod (i.e., period covered by 
water), the presence of fish and aquatic vegetation. Larger water bodies can support 
higher species richness (Parris, 2006). Hydroperiod can influence the species inhabiting 
a wetland (e.g., in ephemeral pools; Baldwin, Calhoun, & deMaynadier, 2006; 
Semlitsch, 2000). Predatory fish can have detrimental effects on amphibians (Shulse, 
Semlitsch, & Trauth, 2013), whereas aquatic vegetation may provide refuge against 
predation during amphibian larval stages (Hamer & Parris, 2011). 
 
Modifications of terrestrial environments, such as clearing of vegetation for urban 
development, cause habitat loss and fragmentation (Hamer & McDonnell, 2008; 
Semlitsch & Skelly, 2008), and influence amphibian populations from local to 
landscape scales (Hamer & Parris, 2011). Important variables from the terrestrial 
environment influencing amphibian distribution include fringing vegetation (i.e., 
vegetation adjacent to waterbodies), as well as forest cover and urban infrastructure at 
different landscape scales. At the local scale, fringing vegetation provides refuge for 
metamorphs and breeding adults (Hazell, Cunnningham, Lindenmayer, Mackey, & 
Osborne, 2001). Forest loss reduces terrestrial habitat for adults and leads to decreased 
richness, occurrence and abundance of several amphibian species (Ficetola, Marziali, 
Rossaro, De Bernardi, & Padoa-Schioppa, 2011; Hamer & McDonnell, 2008). 
Increased road cover, a surrogate variable for urbanization (Hamer & McDonnell, 
2008), may reduce connectivity and isolate populations by limiting dispersal and 
migration between breeding habitats (Eigenbrod, Hecnar, & Fahrig, 2008; Hitchings & 
Beebee, 1997). 
 
Urbanization may be an important anthropogenic driver of species rarity in terrestrial 
landscapes, because only a few species adapted (or able to adapt) to rapid urbanization 
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prevail (McDonnell & Hahs, 2015; McKinney, 2006). Thus, management derived from 
ecological studies in urban landscapes may be biased towards few common species that 
are recorded in sufficient numbers to perform statistical analysis. If management of 
landscapes under high human pressure is based on findings from these species, it may 
fail to cater for the needs of species at a higher risk of decline – such as previously 
common species that become rare or locally-extinct as a result of habitat modification 
(Gaston & Fuller, 2007). Although species that prevail in urban landscapes are likely to 
successfully disperse and distribute according to the availability of local suitable habitat 
(Hamer & McDonnell, 2008; Leibold et al., 2004), contrasting responses of common 
species to attributes from the aquatic and terrestrial environments are frequently 
reported in urban environments (Hamer & McDonnell, 2008; Smallbone, Luck, & 
Wassens, 2011).  
 
Further, our ability to guide conservation efforts remains limited because amphibians 
are among the least studied vertebrate groups in urban biodiversity research 
(McDonnell & Hahs, 2008; Pickett et al., 2011). This restricts our ability to plan for 
sustainable urban development (Pejchar et al., 2015) and develop effective management 
actions. Although the number of studies of amphibians in urban areas and in urbanizing 
landscapes is growing, planners and managers still lack information to effectively guide 
amphibian conservation in most urbanizing landscapes worldwide (but see Calhoun, 
Jansujwicz, Bell, & Hunter, 2014). 
 
To provide conservationists, managers and urban planners with empirical insights to 
guide balanced conservation of common and rare amphibians in urbanizing landscapes, 
we studied the distribution of pond-breeding frogs in a landscape comprised of forests, 
rural, and urban areas in southeastern Australia. Population growth and increased 
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demand for holiday houses are triggering forest clearing for urban development in the 
region, but little is known about how this development affects the native fauna of the 
area. Currently, it is not known whether local environmental attributes or landscape 
context are the key factors that influence amphibian communities. The uncertain 
viability of approximately 96% of frog species in this region (State of the Environment 
2011 Committee, 2011) demands urgent insights on the effects of urbanization on frogs 
to guide conservation actions. We asked: How is the distribution of pond-breeding frogs 
influenced by aquatic variables (water body size, aquatic vegetation, and presence of 
fish), and terrestrial variables (local habitat structure, and, at two spatial scales, forest 
and road cover)?  In particular, we aimed to answer the following three key research 
questions:  
Q1. Are common species (occurrence > 35% of surveyed ponds) influenced by aquatic 
habitat, terrestrial habitat, or both? This knowledge will allow us to plan and manage 
urban areas to maintain common species. 
Q2. What are the main factors (from the aquatic and terrestrial environments) driving 
rarity in pond-breeding frogs? If rare frogs (occurrence < 35% of surveyed ponds) are 
influenced by local-scale variables, conservation strategies can aim to improve local 
habitat condition within urban areas; whereas if they are sensitive to landscape 
variables, maintaining undisturbed habitat around breeding sites will be important to 
prevent species loss in urbanizing landscapes.  
Q3. Does species richness reflect the variables influencing both common and rare 
species? This is important, because frog species richness has been proposed as a focus 
for conservation management in Australian urban environments (e.g., Hamer & Parris, 
2011). 
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Knowledge of which variables from the aquatic and terrestrial environment influence 
amphibian distributions in urbanizing landscapes will help guide management and 
urban planning to conserve both common and rare species. This kind of knowledge is 
essential for amphibian conservation in forest ecosystems undergoing urban 
development worldwide. 
 
2. Methods 
2.1. Study area 
This study was conducted between Nowra (34.86°S 150.60°E) and Booderee National 
Park (35.16°S 150.73°E), and covered approximately 600 km
2
 in New South Wales, 
southeastern Australia (Figure 1). The study area is dominated by native eucalypt 
forests and wetlands, rural and urban areas. Rural areas comprised cleared areas for 
grazing horses and livestock. Urban areas comprised several small towns of <10,000 
inhabitants and the Nowra-Bomaderry urban center of ~35,000 inhabitants (Australian 
Bureau of Statistics, 2011). The region has a temperate climate, with warm summers 
and mild winters. Annual mean minimum and maximum air temperatures are 13.8°C 
and 20°C, respectively. Annual rainfall is approximately 1,000 mm and is spread evenly 
throughout the year (Bureau of Meteorology, 2013). 
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Figure 1. Study area showing 28 surveyed ponds located in an urbanizing forested 
landscape in southeastern Australia. Forest cover and road network are also shown. 
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2.2. Study design 
2.2.1. Pond selection 
To study the factors which influence frog richness and individual frog species 
occurrence in ponds with long hydroperiods (flooded for most part of a breeding 
season), we visually identified and manually digitalized ponds on a Quickbird image 
(2008, Google EarthTM) at a resolution of 1:2,000. Ponds were stratified based on three 
land cover types (forest, rural, and urban) and three water-body sizes (≤ 50 m, 51-100 m 
and >100 m in diameter). Land cover type was defined by the land cover immediately 
surrounding the pond. Forest cover comprised forests and woodlands within public and 
private land, rural cover comprised cleared areas for horse and livestock paddocks, and 
urban cover comprised residential areas and urban parks within towns and the Nowra-
Bomaderry urban center. To sample ponds in different urbanization levels, we randomly 
selected ten ponds within each land cover type (sensu McDonnell & Hahs, 2008) and 
ensured a variety of water-body sizes (≤ 50 m, 51-100 m and >100 m in diameter) was 
selected (Figure 1). Due to problems with access and vandalism, two sites were not 
completed in urban areas. All ponds were located >800 m from each other, which we 
considered sufficient to reduce autocorrelation because most frog species in our study 
area were unlikely to travel longer distances during a reproductive season (Hamer & 
Parris, 2011; Lauck, 2005). 
 
2.2.2. Pond-breeding frog surveys 
Ponds were surveyed in November 2012 and again in January-February 2013. This 
period encompassed the peak calling activity of most frog species in our region, which 
maximizes detectability (Lemckert & Mahony, 2008). In each survey period, we 
recorded frog calls over three nights at each pond. For this, we placed an automatic 
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recorder (FaunatechTM, Bairnsdale, Victoria) at a pond edge, which recorded four 
three-minute blocks per night (total recorded time per pond = 36 min). Each night, 
recording started at 21:00, 23:00, 01:00 and 03:00 (Smallbone et al., 2011). In our 
region, automatic recorders can identify the same species as manual surveys and is more 
cost-effective (Penman, Lemckert, & Mahony, 2005). To avoid confounding the effects 
of weather with our predictor variables, we surveyed ponds of several sizes and 
different land cover types simultaneously. We identified species by their calls using 
reference libraries (e.g., Amphibian Research Centre, 2012). Therefore, we used male 
calls as a surrogate for species presence (Lemckert & Mahony, 2008).  
  
2.2.3. Aquatic and terrestrial variables  
We measured aquatic and terrestrial variables considered likely to affect frog 
distributions. Aquatic variables included water body size, percentage cover of surface 
vegetation (sum of emergent and floating vegetation) and presence of eastern gambusia 
(Gambusia holbrooki) — an exotic fish species that can negatively affect frog 
populations (Shulse et al., 2013) (Table 1). We estimated water body size and surface 
vegetation cover visually, but calculated water body size in ArcGIS (ESRI) for ponds 
>50 m diameter to increase accuracy. To detect the presence of eastern gambusia, we 
performed a five-minute visual search and placed a 1.25-L bottle trap in large ponds or 
a 0.5-L bottle trap in small (~1.5 m
2
) ponds for three days (Hamer & Parris, 2011).  
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Table 1. Aquatic and terrestrial habitat variables explored in southestern Australia. For terrestrial variables, correlations between metric 
Multidimensional Scaling (MDS) axes and habitat variables are shown. MDS-1= first axis from MDS; MDS-2= second axis from MDS. Correlations 
>0.5 are shown in bold. 
 
        Correlations 
      Terrestrial 
Type of environment Variable Unit Range Transformation MDS-1 MDS-2 
Aquatic 
 
water body size m
2
 2-25,213 ln   
  
surface vegetation % 0-100 squared root   
  
presence of gambusia   0,1     
Terrestrial - landscape context road length within 100 m buffer m 0-860 binary [< 100, ≥ 100]   
  road length within 1,000 m buffer km 3.4-35.5 ln   
  
forest cover within 100 m buffer ha 0-3.1 standardized 0.88 -0.06 
  
forest cover within 1,000 m buffer ha 7.1-313.1 standardized 0.61 -0.6 
 - habitat structure at local scale (10 m buffer)      
  
fringing vegetation % 28-100 standardized 0.62 0.47 
  
bare ground % 0-65 standardized -0.25 -0.53 
  
grassland % 0-100 standardized -0.63 0.55 
  
shrubland % 0-75 standardized -0.22 -0.3 
  
woodland % 0-98 standardized 0.45 -0.3 
  
forest % 0-100 standardized 0.64 0.03 
  
scattered trees % 0-44 standardized -0.15 0.49 
    rocks % 0-23 standardized -0.5 -0.62 
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Terrestrial variables were quantified at both the landscape and local level. Landscape 
context variables were calculated using ArcGIS. For each pond, we calculated the total 
road length (including paved and unpaved roads) within 100 m and 1,000 m buffers 
using a road shapefile obtained from the Government of New South Wales. In addition, 
we calculated forest cover within 100 m and 1,000 m buffers surrounding each pond 
with a raster of forest cover estimated from Landsat satellite images of 2010, 2011 and 
2012 (Department of Environment, 2013). At the local level, we estimated visually 
within a 10 m buffer from the edge of the water body, the percentage cover of seven 
habitat types (i.e., bare ground, grassland, shrubland, woodland (tree crowns are clearly 
separated), forest (tree crowns touching), scattered trees, rocks, and total fringing 
vegetation) (Table 1). Variables measured at these scales (10 m, 100 m and 1,000 m 
from the breeding habitat) can influence amphibian distributions (Hamer & Parris, 
2011; Pellet, Guisan, & Perrin, 2004; Price, Marks, Howe, Hanowski, & Niemi, 2005) 
and provide important insights to guide planning and development around breeding 
ponds. 
 
2.3. Data analyses 
2.3.1. Predictive aquatic and terrestrial variables 
To reduce the number of predictor variables and avoid potential spurious relationships, 
we summarized variation among ponds for terrestrial variables using metric 
Multidimensional Scaling (MDS) based on Euclidean distances. Each variable was 
standardized (by subtracting the variable's mean value and dividing by the variable's 
mean absolute deviation) before calculating the dissimilarities and a 2-dimensional 
configuration was used to summarize the data. We did not include road length within 
100 m and 1,000 m in the MDS so we could explore their effects separately. This was 
because road length around ponds can be used as a surrogate variable for urbanization 
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(Hamer & McDonnell, 2008). The first MDS axis described a gradient from ponds 
characterized by low forest cover within 10 m, 100 m, and 1,000 m and fringing 
vegetation dominated by grasslands (urban ponds, lower scores), to ponds surrounded 
by high forest cover within 10 m, 100 m and 1,000 m (forest ponds, higher scores) 
(Figure 2, Table 1). Thus, the first MDS axis arranged ponds according to urbanization 
levels: urban, rural and forests (Figure 2). Increasing scores in the second MDS axis 
characterized ponds with more grassland and less bare ground and rocks within the 10 
m buffer, as well as less forest cover within 1,000 m (Figure 2, Table 1). 
 
 
 
Figure 2. Metric Multidimensional Scaling (MDS) of terrestrial variables associated to 
wetlands in south-eastern Australia. Symbols represent land cover type: () forests, 
() rural areas; and (▲) urban settlements. Variables correlated (r > 0.5) to each axis 
are shown, with subscripts representing the spatial scale. See Table 1 for details about 
correlations between variables. 
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2.3.2. Effect of habitat variables on frog distributions 
We examined the effects of aquatic variables, terrestrial MDS axes and road lengths on 
total species richness, rare species richness (detected at < 35% of surveyed ponds) and 
individual species occurrences using model selection with Generalized Linear Models 
(GLMs) (see sections 2.3.2.1-3). To improve model fit, we transformed predictor 
variables when needed (Table 1). We confirmed the lack of collinearity between our 
predictor variables by calculating a correlation matrix and variance inflation factors 
(VIF; Zuur, Ieno, Walker, Saveliev, & Smith, 2009). Lack of collinearity (r ≤ 0.5, VIF 
< 1.6) between predictor variables allowed us to explore their effects separately. We 
fitted a series of models that included different combinations of the additive effects of: 
the three aquatic variables, the two axes from MDS from terrestrial variables, and road 
length within the 100 m buffer and the 1,000 m buffer. 
 
2.3.2.1. Models for species richness 
We analyzed total species richness by fitting GLMs with a Poisson distribution (log 
link). In addition to additive effects, we allowed the first MDS of terrestrial variables to 
interact with road length within 1 km. In this way, we could distinguish whether the 
effect of road length within 1 km on species richness was dependent on the amount of 
forest cover. All models predicting total species richness included the natural logarithm 
of the number of surveys as an offset to account for different sampling effort in five of 
our 28 ponds evaluated (which had one instead of two three-day surveys due to limited 
access and vandalism). To avoid over parameterizing models, we limited the number of 
variables to be included in the same model to two, but we also included a model with 
the interactive effect of the first MDS axis with road length within 1 km, and their main 
effects. Thus, the candidate set for total species richness included 30 models 
(Supplementary Material, Table S1).  
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2.3.2.2. Models for rare species richness 
We also explored relationships between our predictor variables and rare species 
richness. We defined ‘rare’ species as those present at < 35% of surveyed ponds (Table 
2). Low occurrence of rare species did not allow individual species analysis (see section 
2.3.2.3). A histogram revealed many ponds without rare species (zero inflation). Thus, 
we fitted candidate models with negative binomial GLMs and included the natural 
logarithm of the number of surveys as an offset (Zuur et al., 2009). Given the limited 
number of ponds with rare species richness larger than zero (n = 14 ponds), we 
restricted the number of predictor variables in a model to two. Thus, the candidate 
model set for rare species richness comprised 29 models (Supplementary Material, 
Table S1). 
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Table 2. Life history characteristics of frog species recorded in southeastern Australia. For each species, habitats, averaged numbers of eggs per 
female, proportion of sites where each species was recorded as present in our study and whether a species was considered common or rare are 
shown. Common species allowed individual species analyses (present at > 35% of ponds). 
 
Species Common name Habitats Averaged no. 
of eggs 
Proportion 
of sites 
Type 
Crinia signifera Common Eastern Froglet Widespread 216 0.71 common 
Litoria peronii Peron's Tree Frog F, W, C, U 1,777 0.71 common 
Limnodynastes peronii Brown-striped Frog Widespread 1,319 0.46 common 
Litoria fallax Eastern Dwarf Tree Frog Widespread 283 0.43 common 
Litoria tyleri Tyler's Tree Frog F, C >128 0.36 common 
Litoria jervisiensis Jervis Bay Tree Frog F, H, Sw 920 0.21 rare 
Litoria verreauxii Verreaux's Frog F, H, C, near U 725 0.21 rare 
Uperoleia sp. - F, W, C ? 0.18 rare 
Paracrinia haswelli Haswell's Froglet W, H, S 188 0.14 rare 
Litoria freycineti Freycinet's Frog H, Sw 478 0.07 rare 
Limnodynastes dumerilii Eastern Banjo Frog F, W, H, C 3,900 0.04 rare 
Litoria aurea Green and Golden Bell Frog F, W, Sw 5,121 0.04 rare 
Litoria dentata Bleating Tree Frog S 1,070 0.04 rare 
Pseudophryne bibronii Bibron's Toadlet F, H, C 163 0.04 rare 
Habitat: F= Forest; W = Woodland; H = Heathland, S = Shrubland; Sw = Swamps; C = cleared; U = Human settlements (source: Anstis, 2007; Tyler, 1998). 
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2.3.2.3. Models for individual species occurrence (common species) 
We defined ‘common’ species as those detected at > 35% of surveyed ponds (Table 
2). To determine if our three-day surveys allowed us to assert that a species was 
absent with a high degree of confidence, we first calculated the probability of 
detecting each common frog species after a single visit (one day) (MacKenzie et al., 
2002) using the 2012 three-day survey data (Scheele et al., 2014). A single-visit 
detection probability is the probability of detecting the species during a single-visit to 
a site where the species is present. For each species, we then calculated the 
cumulative probability of detecting the species following one, two and three-day 
surveys (Wintle, Kavanagh, McCarthy, & Burgman, 2005).  
 
Once we confirmed that our common species were detected with a high degree of 
confidence after three-day surveys, we fitted GLMs with a binomial distribution 
(logit link) describing the probability of occurrence of individual species. We used 
the proportion of occurrence of a species in a pond (e.g., for ponds with two surveys 
(November and January-February): 0= not recorded, 0.5= recorded in one survey, 1= 
recorded in both surveys) and the number of surveys over which the proportion of 
occurrence was calculated was modelled as model weights (binomial glm, R Core 
Team, 2013). To minimize the number of models we fit, we did not include the 
second MDS axis (because it was less biologically meaningful than the first MDS 
axis) and we restricted the inclusion of predictor variables to two within a model. 
This led to 22 models in the candidate set for each species (Supplementary Material, 
Table S1).  
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2.3.2.4. Model selection 
We selected the best GLMs from each candidate model set (i.e., total species 
richness, rare species richness and individual species occurrence) using an 
information-theoretic approach, based on Akaike’s Information Criterion corrected 
by small sample size (AICc) (Burnham & Anderson, 2002). We first assessed 
overdispersion in models fitted with all our predictive variables for each response 
variable. We did this by comparing the model residual with the residual degrees of 
freedom. Only GLMs fitted for Litoria fallax occurrence showed evidence of 
overdispersion and thus, models for this species were selected with Quasi-AICc 
(QAICc) instead of AICc (Burnham & Anderson, 2002). From the set of top-ranked 
models (those within 2-AICc or 2-QAICc units from the best model), we disregarded 
models with uninformative parameters. Models with uninformative parameters are 
those within 2 AICc-units of a better-ranked model that include one parameter in 
addition to parameters in the better model. In those circumstances, the new parameter 
does not explain enough variation to justify its ecological interpretation (Arnold, 
2010). Finally, we predicted the individual effect of each explanatory variable from 
our ‘best’ models (lowest AICc or QAICc) for each response variable. 
 
All statistical analyses were performed in R-3.0.1 (R Core Team, 2013). We used the 
function glm.nb in the package “MASS” (Venables & Ripley, 2002) for fitting 
negative binomial GLMs; “unmarked” for detectability analyses (Fiske & Chandler, 
2011); “MuMIn” (Barton, 2013) for model selection; and the functions cmdscale and 
predict.glm in the package “stats” for calculating MDS and to obtain predicted values 
and standard errors from best models, respectively (R Core Team, 2013). 
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3. Results 
We recorded 14 frog species at 28 ponds (Table 2). All were native species and one 
(L. aurea) is endangered under state-level legislation (NSW Threatened Species 
Conservation Act 1995). Five species were recorded in a sufficient number of ponds 
to allow individual species analysis: Crinia signifera (71% of ponds), L. peronii 
(71%), Limnodynastes peronii (Lim. peronii from now on; 46%), Litoria fallax 
(43%) and L. tyleri (36%). Exploratory graphs showed that predictor terrestrial 
variables varied with urbanization levels, but there was no evidence of bias for 
predictor aquatic variables in relation to urbanization levels (Supplementary 
Material, Figures S1-S2). 
 
3.1. Species richness 
Total species richness recorded at a pond varied from zero to nine species (median = 
3.5 species); whereas rare species richness recorded at a pond varied from zero to 
five species (median = 0.5 species). The best model for total species richness 
contained two explanatory variables: the natural logarithm of water body size (β1= 
0.14 ± 0.05, P=0.01) and the natural logarithm of road length within 1km (β2= −0.45 
± 0.16, P=0.006; Table A, Figure 3A). That is, there was a positive effect of 
increasing water body size on total species richness that was most important at small 
pond sizes and a decline in total species richness with increasing road length within 1 
km (Figure 3A). 
 
Rare species richness also declined with increased road length within 1 km, but at a 
higher rate than total species richness (β2= −1.13 ± 0.37, P=0.002; Table A, Figure 
3B). The natural logarithm of road length within 1 km was an important predictor for 
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rare species richness, because it was present in the two competitive models (within 2-
ΔAICc, Table A). In addition, rare species richness increased with the first MDS axis 
(β1= 0.2 ± 0.1, P=0.048) and thus, it was highest in ponds within forests (positive 
values for terrestrial MDS-1; Figure 3B). To confirm that the influence of landscape 
variables (roads within 1 km) on total species richness were due to their influence on 
rare species rather than on common species, we performed a supplemental model 
selection to evaluate the influence of terrestrial and aquatic variables on common 
species richness. Our supplemental analysis confirmed that the natural logarithm of 
water body size was the main variable influencing common species richness 
(Supplementary Material, Table S2). Thus, the influence of roads within 1 km from 
breeding ponds on total species richness is due to the negative influence of terrestrial 
variables on rare species. 
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Figure 3. Estimated species richness and individual species occurrence in Generalized Linear Models (GLMs) from model with highest support 
(lowest AICc). Estimated (A) total species richness in GLMs with a Poisson distribution (log link) and (B) rare species richness in negative 
binomial GLMs. Estimated probability of occurrence for (C) C. signifera, (D) L. peronii, (E) L. tyleri, and (F) Lim. peronii in GLMs with a 
binomial distribution (logit link). Shadows represent confidence intervals at a 95% confidence level.  
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3.2. Individual species occurrence 
The probability of detecting a species on any single visit was highest for L. fallax 
(Estimate ± SE = 0.97 ± 0.03) and lowest for Lim. peronii (0.57 ± 0.13). After a 
three-day survey, the probability of detecting the species with lowest detection (Lim. 
peronii) was 0.92 (95% CI= 83-97; Appendix, Figure A). 
 
The best models for individual species occurrence revealed that the probability of 
occurrence for C. signifera, L. peronii and L. tyleri increased with the natural 
logarithm of water body size (Table A, Figure 3C-E). The likelihood of recording C. 
signifera increased with increasing percentage of aquatic vegetation (β2= 0.205 ± 0.1, 
P=0.04, ΔAICc = 0), although the null model was included among the best models 
(ΔAICc = 1.77; Table A; Figure 3C). Litoria peronii occurrence in ponds surrounded 
by > 100 m road length was lower than in ponds surrounded by < 100 m road length 
within 100 m buffer (β2= −1.45 ± 0.65, P=0.03; Table A; Figure 3D). Limnodynastes 
peronii occurrence increased in ponds with a higher percentage cover of aquatic 
vegetation (β1= 0.33 ± 0.11, P=0.003; Table A; Figure 3F). The best model 
describing L. fallax occurrence was the null model (Table A). 
 
4. Discussion 
To help guide management and land use planning for amphibian conservation in 
urbanizing forested landscapes, we examined the relative importance of aquatic and 
terrestrial variables for the distribution of pond-breeding frogs in a landscape of 
forests, rural and urban areas. In line of the three key questions posed at the 
Introduction, we found:  
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(1) The occurrence of common frogs was best explained by the local (aquatic) 
habitat.  
(2) The richness of rare frog species was best explained by the terrestrial 
environment at a large spatial scale, implying that habitat modification as far as 1 km 
from breeding habitats may be a key driver of rarity among frog species in this 
landscape rather than local-scale modification of individual breeding sites.  
(3) Total species richness reveled the influence of local habitat on common species 
as well as landscape variables on rare species, but common species masked the steep 
decline of rare species with increased road length.  
Our findings suggest that management of local habitat may help conserve a few 
common frog species, but will fail to conserve many frog species disadvantaged by 
urbanization of the broader landscape. We discuss the influence of aquatic and 
terrestrial environments on our pond-breeding frogs, and suggest that conservation 
guidelines should integrate local-scale management of aquatic habitats and land use 
planning to maintain both common and rare frog species in urbanizing landscapes.  
 
4.1. Local aquatic environment and amphibian distribution 
Larger ponds supported higher frog species richness than smaller ponds, and had a 
greater probability of supporting common species (i.e., recorded at ≥ 35% of 
surveyed ponds, such as C. signifera, L. peronii and L. tyleri). However, the benefits 
of increasing water body size on species richness and the occurrence of common 
species was more important at small pond sizes (e.g., <500 m
2
; Figure 3). Increased 
frog species richness with water body size, as well as the greater benefits of 
increasing water body size at small pond sizes, agrees with findings from other work 
in our study area (Westgate, Driscoll, & Lindenmayer, 2012), elsewhere in Australia 
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(Parris, 2006) and worldwide (for a review, see Hamer & McDonnell, 2008). Some 
frog species benefit from larger water bodies due to longer hydroperiods, which 
might provide breeding habitat for a longer time within a reproductive season 
(Westgate et al., 2012). In addition, larger ponds may have higher species richness 
because they provide a variety of niches and also can support larger populations, 
reducing extinction rates (Hanski, 1994; Parris, 2006).  
 
Aquatic vegetation had a limited effect on most frog species. However, it was the 
most important variable predicting Lim. peronii occurrence. For instance, it was very 
unlikely to find Lim. peronii in ponds with no surface vegetation (95% CI: 0.02-
0.28), but ponds with 80% of surface vegetation were more likely to support Lim. 
peronii (95% CI: 0.41-0.79). Limnodynastes peronii has large egg masses that it lays 
in floating foam nests concealed in surface vegetation (Table 2) (Anstis, 2007). Thus, 
aquatic vegetation may provide suitable conditions for Lim. peronii to lay eggs, as 
well as refuge against predation for both adults and larvae, helping this species to 
persist in urban landscapes and colonize a variety of urban ponds (Amphibian 
Research Centre, 2012; Schell & Burgin, 2003). We recorded this species in small 
urban garden ponds, which reveals its higher tolerance of small breeding habitats, 
forest fragmentation and residential development compared to other frogs in our 
study area. 
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4.2. Terrestrial environment and amphibian distribution 
The terrestrial variables we measured had limited effects on the occurrence of most 
common frog species, except for L. peronii. Crinia signifera, Lim. peronii, L. 
peronii, L. tyleri and L. fallax are widespread species that can tolerate some level of 
disturbance (Table 2). However, L. peronii was sensitive to urbanization: L. peronii 
was less likely to occur in ponds surrounded by >100 m road length within 100 m 
buffer. Despite the positive associations of the genus Litoria with increased 
urbanization found elsewhere in Australia (Hamer & Parris, 2011), we found L. 
peronii was sensitive to urbanization within 100 m from breeding ponds. 
 
Urbanization at larger spatial scales had negative effects on species richness. Ponds 
with less surrounding forest and higher road cover within 1 km supported fewer rare 
frog species. Thus, rare species richness was highest in forest ponds, lower in rural 
ponds and lowest in urban ponds (Figure 3B). In addition, the number of rare frog 
species at a pond declined strongly with small increases in the surrounding road 
length. This agrees with findings from other urban studies, where breeding sites 
surrounded by little forest cover and a large number of roads supported low frog 
species richness (Hamer & McDonnell, 2008; Parris, 2006; Simon, Snodgrass, 
Casey, & Sparling, 2009). However, the steep decline of rare frogs with small 
increases in road cover within 1 km was subdued at the species richness level, 
demonstrating that biodiversity metrics like species richness underestimates 
important threats from urbanization. 
 
Our findings for rare species richness suggest urbanization is the key driver of rarity 
in our study area. Increased road length due to urbanization can severely fragment 
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landscapes and isolate frog populations (Rytwinski & Fahrig, 2015), as evidenced by 
a higher genetic divergence among frog populations in urban than in rural areas 
(Hitchings & Beebee, 1997). In addition to an increased mortality on roads, greater 
isolation in urban landscapes may be caused by physical barriers (e.g., buildings, 
fences) and behavioral barriers (e.g., avoidance of impervious surfaces, avoidance of 
traffic disturbance) (Eigenbrod et al., 2008; Rytwinski & Fahrig, 2015). Maintaining 
breeding habitat within large expanses of undisturbed forest can help frog 
populations persist by providing terrestrial habitat for juveniles and adults (e.g., 
upland, reproductive and non-reproductive habitat), maintaining local migratory 
routes between reproductive and non-reproductive habitats, and promoting 
connectivity among populations at a landscape scale (Hamer & McDonnell, 2008).  
 
Although we examined only one reproductive season (November 2012 - February 
2013), we expect the patterns of occurrence of rare and common species we 
quantified to reflect longer term trends. We are unaware of long-term monitoring 
frog data in our study region with which to compare our results, but other studies 
have reported the importance of similar variables to those identified in this study 
which influence frog species richness within our study area (in reserves, Westgate et 
al., 2012) and in other parts of south-eastern Australia (in urban areas, Hamer & 
Parris, 2011; Parris, 2006; Smallbone et al., 2011). In addition, ‘normal weather’ 
conditions were recorded for surveyed years. Annual rainfall >1,000 mm has been 
recorded in our study area after 2010 (at Sanctuary Point station; www.bom.gov.au), 
following a dry year in 2009 (713.2 mm). Although we expect some changes to 
occur over time, we believe the patterns observed in our study are unlikely to be an 
annual anomaly. 
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4.3. Amphibian conservation in urbanizing landscapes 
Our findings highlight that to achieve the conservation of both common and rare 
species in urbanizing forested landscapes, planners must look at both local breeding 
habitats and the surrounding landscape. Most policies relating to frog conservation 
focus on immediate habitats surrounding breeding habitats (Calhoun et al., 2014; 
Semlitsch, 2000). However, our study revealed the influence on the occurrence of 
rare species of forest and road cover within 1 km from ponds. This mismatch 
between the scale at which environmental policies define restrictions for 
development and the scale at which development has detrimental effects on habitat 
quality for several species raises concern in this study system, and in others (Calhoun 
et al., 2014; Harper, Rittenhouse, & Semlitsch, 2008; Semlitsch, 2000). 
 
How can we conserve frog species in urbanizing landscapes? Our findings suggest 
that in landscapes dominated by forests and where most development leads to the 
creation or expansion of residential areas (e.g., exurban and suburban development), 
common frogs could travel across terrestrial habitats and inhabit suitable ponds. 
Conservation of common frogs in these kind of urban areas may therefore be 
improved by appropriately managing aquatic habitats. For instance, increasing the 
water body size of small ponds may benefit frog species richness, as well as the 
occurrence of C. signifera, L. peronii and L. tyleri. In addition, managing ponds so 
they develop a high percentage of surface vegetation may increase Lim. peronii 
occurrence; whereas avoiding road development within 100 m from a pond can 
increase the likelihood of maintaining L. peronii. These few common species tolerate 
some level of disturbance and may colonize new ponds or wetlands within rural and 
urban areas (Lauck, 2005; Parris, 2006); which provides opportunities for 
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conservation of common native species in urban environments as well as 
environmental education and awareness (Compton, McGarigal, Cushman, & 
Gamble, 2007).  
 
Our results on rare species richness add to the evidence on the negative effects of 
urbanization on amphibians. To conserve rare frog species at a landscape scale, it is 
necessary to preserve undisturbed natural vegetation cover within long distances 
from breeding habitats (1 km in our study). Maintaining ponds within a system of 
connected reserves may help to reduce the impacts of habitat loss and urbanization 
on breeding sites, while providing terrestrial habitat and permeable migratory routes 
(Compton et al., 2007; Harper et al., 2008). Further, because amphibians are 
particularly susceptible to habitat fragmentation by roads and direct mortality on 
roads (Rytwinski & Fahrig, 2015), mitigation strategies are needed to reduce road 
impacts (e.g., fences to prevent amphibians crossing roads or to direct them to safe 
passages; Cosentino et al., 2014). 
 
Contrasting responses by common and rare frog species highlight the need for 
management and planning at both local and landscape scales. Incorporating these 
approaches into policy and practice will require local guidelines for amphibian 
conservation, long-term monitoring studies and multidisciplinary efforts (Calhoun et 
al., 2014; Pejchar et al., 2015). For instance, in the USA, local guidelines for forestry 
and urban development (e.g., best development practices; Calhoun, Nicholas, & 
Klemens, 2005); as well as local solutions to conserving pool landscapes (Calhoun et 
al., 2014) have been established to maintain amphibian populations and their habitats 
in the face of urbanization. In addition, new tools for spatial planning (e.g., Baldwin 
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& deMaynadier, 2009) can help to integrate scientific evidence for amphibian 
conservation. 
 
5. Conclusions 
What are the variables from the aquatic and terrestrial environments that common 
and rare species respond to? The key discovery in this study was that common frogs 
responded to local aquatic variables (pond size and surface vegetation) whereas rare 
frog species were highly sensitive to modification of the broader terrestrial 
environment. Managing ponds to maintain large water body sizes and a high 
percentage cover of surface vegetation may increase species richness by increasing 
the occurrence of common species, but it will not prevent the decline of many 
species that respond to modification of terrestrial habitats as far as 1 km from 
breeding ponds. Our study revealed the need for a variety of strategies to promote 
amphibian conservation in urbanizing landscapes. To achieve a balanced 
conservation for both common and rare pond-breeding frogs, we suggest:  
(1) for common frogs (that tolerate urbanization), manage ponds to provide suitable 
habitat within rural and urban areas; 
(2) for rare frogs (sensitive to urbanization), maintain a connected reserve system to 
limit deforestation and urbanization within large areas surrounding breeding ponds, 
as well use measures to mitigate the impacts of urbanization on remaining 
populations (e.g., road mitigation measures); and 
(3) for all frogs, formulate local best development practices, undertake spatial 
planning and establish long-term monitoring and multidisciplinary studies to better 
integrate urban development and amphibian conservation.  
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Appendix 
  
 
Figure A. Probability of detection for A) C. signifera, B) L. peronii, C) L. fallax, D) 
L. tyleri, and E) Lim. peronii recorded in southeastern Australia. Estimates are based 
on single-visit detection probabilities from 2012 data. Vertical lines represent 95% 
CI. After three days, all species reached 0.9 detection probability (dashed line). 
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Table A. Variable estimates from the best models selected by bias corrected Akaike Information Criterion (AICc) for species richness and five 
individual species occurrences. Model selection was performed on Generalized Linear Models (GLMs) with a Poisson distribution (log link) for total 
species richness, negative binomial for rare species richness, and a binomial distribution (logit link) for individual species occurrence. ΔAICc shows 
the difference in AICc between the current model and the model with the highest support (lowest AICc). W (model weight) shows the relative 
probability of the model being the best model of the entire candidate set. (*) Model with the highest support for each response variable. Models with 
uninformative parameters were excluded from consideration (see Methods). All models include intercept (number standing alone). Variables included 
in best models: natural logarithm of water body size = ln(water body size); square root of surface vegetation (%) = √(surface vegetation); first axis 
from metric multidimensional scaling (MDS) of terrestrial variables = MDS-1; natural logarithm of road length (km) within 1,000 m buffer = 
ln(roads.1km); road.100m = binary variable indicating whether >100m road length was present within 100 m buffer. Detailed results of model 
selection are shown in Supplementary Material (Table S1). 
 
Response Model (linear predictors) logLik AICc ΔAICc W 
Total species richness   0.74  + 0.14 ln(water body size)  – 0.45 ln(roads.1km) -49.80 106.6 * 0.51 
Rare species richness   1.72  + 0.20 MDS-1 – 1.13 ln(roads.1km) -32.68 75.1 * 0.26 
   2.06  – 1.24 ln(roads.1km) -34.52 76.0 0.94 0.16 
C. signifera –3.47 + 0.32 ln(water body size) + 0.20 √(surface vegetation) -24.79 56.6 * 0.18 
 
–2.0   + 0.27 ln(water body size) -26.35 57.2 0.61 0.13 
 
–1.01  +  0.16 √(surface vegetation) -26.90 58.3 1.71 0.08 
 –0.12 -28.10 58.3 1.77 0.07 
L. peronii –1.56  + 0.37 ln(water body size) – 1.45 roads.100m -23.02 53.0 * 0.35 
Lim. peronii –2.46  +  0.33 √(surface vegetation) -23.24 51.0 * 0.28 
L. tyleri –5.62  + 0.54 ln(water body size) -14.84 34.1 * 0.27 
L. fallax
1
 –0.4 -32.78 36.3 * 0.15 
1
 Model selection for L. fallax was performed with Quasi-AICc (QAICc) to account for overdispersion (see Methods). 
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List of Supplementary Material 
Figure S1. Observed mean and standard errors for each continuous predictive variable 
by land cover type. 
 
Figure S2. Percentage of ponds by land cover type where we recorded eastern gambusia 
and road length >100 m within 100 m buffer (binary predictive variables). For eastern 
gambusia, a Fisher’s exact test did not find evidence for positive associations between 
the presence of gambusia and land cover type (P= 0.65). 
 
Table S1. Model selection using Akaike’s Information Criterion corrected by small 
sample size (AICc) on Generalized Linear Models with a Poisson distribution (log link) 
describing total species richness (A), negative binomial describing rare species richness 
(B) and a binomial distribution (logit link) describing individual species occurrences 
(C-G). Rank shows model candidates sorted from the lowest AICc (higher support) to 
the highest AICc (lower support). Weights (W) show the relative probability of the 
model being the best model of the candidate set. (*) Quasi-AICc (QAICc) model 
selection was used to select models for L. fallax (G), in order to account for 
overdispersion. Models within 2-AICc (QAICc) units are shown in bold. Uninformative 
shows models within 2-AICc (QAICc) units from the best model that did not explained 
enough variation to justify their presentation among the best models. See Methods for 
more details. 
 
Table S2. Supplemental model selection using Akaike’s Information Criterion corrected 
by small sample size (AICc) on Generalized Linear Models with a Poisson distribution 
(log link) describing common species richness. Rank shows model candidates sorted 
from the lowest AICc (higher support) to the highest AICc (lower support). Weights 
(W) show the relative probability of the model being the best model of the candidate set. 
The natural logarithm of water body size was present in the best model and in all 
models within 2-AICc units from the best model (shown in bold). Uninformative shows 
models within 2-AICc units from the best model that did not explained enough variation 
to justify their interpretation. See Methods for more details. 
  
 70 
 
Figure S1. Observed mean and standard errors for each continuous predictor variable by 
land cover type. 
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Figure S2. Percentage of ponds by land cover type where we recorded eastern gambusia 
and road length >100 m within 100 m buffer (binary predictive variables). For eastern 
gambusia, a Fisher’s exact test did not find evidence for positive associations between 
the presence of gambusia and land cover type (P= 0.65).  
 72 
Table S1. Model selection using Akaike’s Information Criterion corrected by small sample size (AICc) on Generalized Linear Models with a Poisson 
distribution (log link) describing total species richness (A), negative binomial describing rare species richness (B) and a binomial distribution (logit 
link) describing individual species occurrences (C-G). Rank shows model candidates sorted from the lowest AICc (higher support) to the highest AICc 
(lower support). Weights (W) show the relative probability of the model being the best model of the candidate set. (*) Quasi-AICc (QAICc) model 
selection was used to select models for L. fallax (G), in order to account for overdispersion. Models within 2-AICc (QAICc) units are shown in bold. 
Uninformative shows models within 2-AICc (QAICc) units from the best model that did not explained enough variation to justify their presentation 
among the best models. See Methods for more details. 
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(A) Total 
species richness 1 x x      x  -49.8 106.6 0.0 0.51  
 
2 x x     x   -51.4 109.8 3.2 0.11  
 
3 x x  x      -51.9 110.7 4.1 0.07  
 
4 x       x  -53.6 111.7 5.1 0.04  
 
5 x  x     x  -52.4 111.9 5.3 0.04  
 
6 x x        -53.7 112.0 5.4 0.04  
 
7 x x x       -52.5 112.0 5.4 0.03  
 
8 x    x   x  -52.6 112.2 5.6 0.03  
 
9 x      x x  -53.0 112.9 6.3 0.02  
 
10 x x   x     -53.1 113.2 6.6 0.02  
 
11 x   x    x  -53.2 113.3 6.7 0.02  
 
12 x x    x    -53.5 114.0 7.4 0.01  
 
13 x     x  x  -53.6 114.2 7.6 0.01  
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Variables in model 
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14 x      x   -55.0 114.5 7.9 0.01  
 
15 x    x   x x -52.5 114.7 8.1 0.01  
 
16 x    x  x   -54.1 115.3 8.7 0.01  
 
17 x   x   x   -54.4 115.7 9.1 0.01  
 
18 x  x    x   -54.8 116.5 9.9 0.00  
 
19 x    x     -56.1 116.8 10.1 0.00  
 
20 x     x x   -55.0 117.1 10.5 0.00  
 
21 x   x x     -55.3 117.5 10.9 0.00  
 
22 x  x  x     -55.4 117.9 11.3 0.00  
 
23 x         -58.0 118.1 11.5 0.00  
 
24 x   x      -57.0 118.4 11.8 0.00  
 
25 x  x       -57.0 118.5 11.9 0.00  
 
26 x  x x      -56.0 119.0 12.4 0.00  
 
27 x    x x    -56.1 119.3 12.6 0.00  
 
28 x     x    -57.9 120.4 13.8 0.00  
 
29 x  x   x    -57.0 120.9 14.3 0.00  
 
30 x   x  x    -57.0 120.9 14.3 0.00  
(B) Rare species 
richness 1 x    x   x  -32.7 75.1 0.0 0.26  
 
2 x       x  -34.5 76.0 0.9 0.16  
 
3 x  x     x  -33.4 76.5 1.4 0.13 x 
 
4 x x      x  -33.5 76.7 1.6 0.12 x 
 
5 x   x    x  -34.1 77.9 2.8 0.07  
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Variables in model 
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6 x      x x  -34.1 78.0 2.9 0.06  
 
7 x     x  x  -34.3 78.3 3.2 0.05  
 
8 x    x     -36.7 80.4 5.3 0.02  
 
9 x    x  x   -35.4 80.6 5.5 0.02  
 
10 x      x   -36.9 80.7 5.7 0.02  
 
11 x x     x   -35.9 81.5 6.4 0.01  
12 x         -38.6 81.8 6.7 0.01  
 13 x   x x     -36.1 82.0 6.9 0.01  
 14 x x   x     -36.1 82.0 6.9 0.01  
 15 x x        -37.5 82.1 7.0 0.01  
 16 x    x x    -36.3 82.3 7.2 0.01  
 17 x   x   x   -36.3 82.3 7.2 0.01  
 18 x  x  x     -36.4 82.5 7.4 0.01  
 19 x x  x      -36.5 82.8 7.7 0.01  
 20 x  x       -37.9 82.8 7.7 0.01  
 21 x  x    x   -36.6 82.9 7.8 0.01  
 
22 x   x      -38.0 83.0 8.0 0.01  
 
23 x     x x   -36.7 83.2 8.1 0.01  
 
24 x x x       -36.9 83.6 8.5 0.00  
 
25 x x    x    -37.1 83.9 8.8 0.00  
 
26 x     x    -38.4 83.9 8.8 0.00  
 
27 x  x x      -37.1 84.0 8.9 0.00  
 
28 x  x   x    -37.4 84.6 9.5 0.00  
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Response Rank 
Variables in model 
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29 x   x  x    -37.9 85.6 10.5 0.00  
(C) C. signifera 1 x x x       -24.8 56.6 0.0 0.18  
 
2 x x        -26.4 57.2 0.6 0.13  
 
3 x x  x      -25.4 57.8 1.3 0.10 x 
 
4 x  x       -26.9 58.3 1.7 0.08  
 
5 x         -28.1 58.3 1.8 0.07  
 
6 x x      x  -25.9 58.7 2.2 0.06  
 
7 x x     x   -26.3 59.6 3.0 0.04  
 
8 x  x     x  -26.3 59.6 3.1 0.04  
 
9 x   x      -27.6 59.7 3.1 0.04  
 
10 x       x  -27.6 59.7 3.1 0.04  
 
11 x  x x      -26.4 59.7 3.1 0.04  
 
12 x x   x     -26.4 59.8 3.3 0.04  
 
13 x    x     -27.9 60.3 3.8 0.03  
 
14 x      x   -28.0 60.4 3.8 0.03  
 
15 x  x  x     -26.8 60.6 4.1 0.02  
 
16 x  x    x   -26.9 60.8 4.3 0.02  
 
17 x   x    x  -27.3 61.5 4.9 0.02  
 
18 x   x x     -27.4 61.9 5.3 0.01  
 
19 x   x   x   -27.5 62.0 5.4 0.01  
 
20 x    x   x  -27.5 62.1 5.5 0.01  
 
21 x      x x  -27.6 62.3 5.7 0.01  
 
22 x    x  x   -27.9 62.8 6.2 0.01  
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Variables in model 
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(D) L. peronii 1 x x     x   -23.0 53.0 0.0 0.35  
 
2 x x        -25.4 55.2 2.2 0.12  
 
3 x  x    x   -24.1 55.3 2.2 0.12  
 
4 x x      x  -24.3 55.7 2.6 0.10  
 
5 x      x   -25.9 56.3 3.3 0.07  
 
6 x x x       -24.9 56.8 3.8 0.05  
 
7 x x  x      -25.2 57.3 4.3 0.04  
 
8 x x   x     -25.4 57.7 4.7 0.03  
 
9 x      x x  -25.9 58.8 5.8 0.02  
 
10 x    x  x   -25.9 58.8 5.8 0.02  
 
11 x   x   x   -25.9 58.9 5.8 0.02  
 
12 x         -28.6 59.4 6.4 0.01  
 
13 x       x  -27.7 59.9 6.8 0.01  
 
14 x  x       -28.1 60.6 7.6 0.01  
 
15 x    x     -28.4 61.2 8.2 0.01  
 
16 x  x     x  -27.2 61.4 8.3 0.01  
 
17 x   x      -28.6 61.7 8.7 0.01  
 
18 x    x   x  -27.6 62.2 9.1 0.00  
 
19 x   x    x  -27.7 62.4 9.4 0.00  
 
20 x  x  x     -27.7 62.5 9.4 0.00  
 
21 x  x x      -28.1 63.1 10.1 0.00  
 
22 x   x x     -28.3 63.7 10.6 0.00  
(E) Lim. peronii 1 x  x       -23.2 51.0 0.0 0.28  
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Variables in model 
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2 x  x  x     -22.4 51.8 0.8 0.19 x 
 
3 x  x    x   -22.5 51.9 1.0 0.18 x 
 
4 x x x       -22.9 52.7 1.8 0.12 x 
 
5 x  x x      -22.9 52.8 1.8 0.11 x 
 
6 x  x     x  -23.0 52.9 2.0 0.11 x 
 
7 x         -28.8 59.8 8.8 0.00  
 
8 x x        -28.1 60.7 9.8 0.00  
 
9 x    x     -28.5 61.5 10.5 0.00  
 
10 x   x      -28.5 61.5 10.6 0.00  
 
11 x       x  -28.7 61.8 10.9 0.00  
 
12 x      x   -28.8 62.1 11.1 0.00  
 
13 x x  x      -27.7 62.4 11.5 0.00  
 
14 x x      x  -28.0 63.0 12.0 0.00  
 
15 x x   x     -28.0 63.0 12.0 0.00  
 
16 x x     x   -28.1 63.3 12.3 0.00  
 
17 x   x x     -28.2 63.5 12.5 0.00  
 
18 x    x   x  -28.3 63.5 12.6 0.00  
 
19 x   x    x  -28.3 63.6 12.6 0.00  
 
20 x      x x  -28.5 64.0 13.1 0.00  
 
21 x    x  x   -28.5 64.0 13.1 0.00  
 
22 x   x   x   -28.5 64.0 13.1 0.00  
(F) L. tyleri 1 x x        -14.8 34.1 0.0 0.27  
 
2 x x x       -14.3 35.6 1.4 0.13 x 
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Variables in model 
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3 x x  x      -14.4 35.8 1.7 0.12 x 
 
4 x x      x  -14.6 36.3 2.1 0.09  
 
5 x x     x   -14.8 36.7 2.6 0.08  
 
6 x x   x     -14.9 36.7 2.6 0.07  
 
7 x         -17.5 37.2 3.1 0.06  
 
8 x  x       -17.0 38.5 4.4 0.03  
 
9 x    x     -17.3 39.1 4.9 0.02  
 
10 x       x  -17.3 39.1 5.0 0.02  
 
11 x   x      -17.5 39.5 5.4 0.02  
 
12 x      x   -17.6 39.6 5.4 0.02  
 
13 x  x  x     -16.7 40.5 6.3 0.01  
 
14 x  x     x  -16.8 40.6 6.5 0.01  
 
15 x  x    x   -17.0 40.9 6.8 0.01  
 
16 x  x x      -17.0 41.0 6.9 0.01  
 
17 x    x   x  -17.2 41.3 7.2 0.01  
 
18 x      x x  -17.3 41.5 7.4 0.01  
 
19 x   x x     -17.3 41.6 7.4 0.01  
 
20 x    x  x   -17.3 41.6 7.5 0.01  
 
21 x   x    x  -17.3 41.6 7.5 0.01  
 
22 x   x   x   -17.5 42.1 7.9 0.01  
(G) L. fallax* 1 x         -32.8 36.3 0.0 0.15  
 
2 x x        -30.9 37.0 0.7 0.11 x 
 
3 x      x   -31.2 37.3 1.0 0.09 x 
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Variables in model 
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4 x    x     -32.4 38.4 2.1 0.05  
 
5 x  x       -32.4 38.4 2.1 0.05  
 
6 x x     x   -29.6 38.4 2.2 0.05  
 
7 x   x      -32.5 38.6 2.3 0.05  
 
8 x x   x     -29.8 38.6 2.3 0.05  
 
9 x       x  -32.7 38.7 2.4 0.05  
 
10 x      x x  -29.9 38.7 2.4 0.05  
 
11 x  x    x   -30.1 38.9 2.6 0.04  
 
12 x    x  x   -30.2 39.1 2.8 0.04  
 
13 x x  x      -30.3 39.1 2.8 0.04  
 
14 x x x       -30.5 39.4 3.1 0.03  
 
15 x x      x  -30.8 39.6 3.3 0.03  
 
16 x   x   x   -31.1 39.9 3.6 0.03  
 
17 x  x  x     -32.0 40.8 4.5 0.02  
 
18 x   x x     -32.1 40.9 4.6 0.02  
 
19 x  x x      -32.1 40.9 4.6 0.02  
 
20 x  x     x  -32.2 41.0 4.7 0.01  
 
21 x    x   x  -32.3 41.1 4.8 0.01  
 
22 x   x    x  -32.3 41.1 4.8 0.01  
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Table S2. Supplemental model selection using Akaike’s Information Criterion corrected by small sample size (AICc) on Generalized Linear Models 
with a Poisson distribution (log link) describing common species richness. Rank shows model candidates sorted from the lowest AICc (higher support) 
to the highest AICc (lower support). Weights (W) show the relative probability of the model being the best model of the candidate set. The natural 
logarithm of water body size was present in the best model and in all models within 2-AICc units from the best model (shown in bold). Uninformative 
shows models within 2-AICc units from the best model that did not explained enough variation to justify their interpretation. See Methods for more 
details. 
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(A) Common 
species richness 
1 x x        -44.5 93.5 0.0 0.17  
2 x x      x  -43.6 94.3 0.7 0.12 x 
 
3 x x  x      -43.8 94.5 1.0 0.10 x 
 
4 x x     x   -43.9 94.7 1.2 0.09 x 
 
5 x x x       -44.2 95.3 1.8 0.07 x 
 
6 x x   x     -44.5 96.0 2.5 0.05  
 
7 x x    x    -44.5 96.1 2.5 0.05  
 
8 x         -47.0 96.1 2.6 0.05  
9 x       x  -46.0 96.5 2.9 0.04  
 10 x      x   -46.1 96.6 3.1 0.04  
 11 x   x      -46.6 97.8 4.2 0.02  
 12 x    x     -46.7 97.9 4.4 0.02  
 13 x  x       -46.7 98.0 4.4 0.02  
 14 x     x    -46.9 98.3 4.8 0.02  
 15 x  x     x  -45.7 98.4 4.8 0.01  
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 16 x      x x  -45.7 98.4 4.9 0.01  
 17 x   x   x   -45.8 98.6 5.1 0.01  
 18 x   x    x  -45.8 98.6 5.1 0.01  
 19 x     x  x  -45.9 98.7 5.2 0.01  
 20 x    x   x  -45.9 98.8 5.2 0.01  
 21 x     x x   -45.9 98.9 5.4 0.01  
 22 x    x  x   -46.0 98.9 5.4 0.01  
 
23 x  x    x   -46.0 99.0 5.5 0.01  
 
24 x  x x      -46.4 99.7 6.2 0.01  
 
25 x   x x     -46.4 99.8 6.2 0.01  
 
26 x  x  x     -46.5 100.0 6.5 0.01  
 
27 x   x  x    -46.5 100.0 6.5 0.01  
 
28 x    x x    -46.6 100.3 6.7 0.01  
 
29 x    x   x x -45.3 100.3 6.8 0.01  
 
30 x  x   x    -46.7 100.4 6.9 0.01  
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Paper II: Urbanization impacts on mammals across 
urban-forest edges and a predictive model of edge 
effects 
 
 
 
 
 
Species of arboreal marsupials recorded in south-eastern Australia.  
Photos: MAH Escobar. 
 
 
 
 
 
Villaseñor, N.R., Driscoll, D.A., Escobar, M.A.H., Gibbons, P., & Lindenmayer, 
D.B. (2014). Urbanization impacts on mammals across urban-forest edges and a 
predictive model of edge effects. Plos One, 9, e97036.  
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Abstract 
With accelerating rates of urbanization worldwide, a better understanding of ecological 
processes at the wildland-urban interface is critical to conserve biodiversity. We 
explored the effects of high and low-density housing developments on forest-dwelling 
mammals. Based on habitat characteristics, we expected a gradual decline in species 
abundance across forest-urban edges and an increased decline rate in higher contrast 
edges. We surveyed arboreal mammals in sites of high and low housing density along 
600m transects that spanned urban areas and areas turn on adjacent native forest. We 
also surveyed forest controls to test whether edge effects extended beyond our edge 
transects. We fitted models describing richness, total abundance and individual species 
abundance. Low-density housing developments provided suitable habitat for most 
arboreal mammals. In contrast, high-density housing developments had lower species 
richness, total abundance and individual species abundance, but supported the highest 
abundances of an urban adapter (Trichosurus vulpecula). We did not find the predicted 
gradual decline in species abundance. Of four species analyzed, three exhibited no 
response to the proximity of urban boundaries, but spilled over into adjacent urban 
habitat to differing extents. One species (Petaurus australis) had an extended negative 
response to urban boundaries, suggesting that urban development has impacts beyond 
300m into adjacent forest. Our empirical work demonstrates that high-density housing 
developments have negative effects on both community and species level responses, 
except for one urban adapter. We developed a new predictive model of edge effects 
based on our results and the literature. To predict animal responses across edges, our 
framework integrates for first time: (1) habitat quality/preference, (2) species response 
with the proximity to the adjacent habitat, and (3) spillover extent/sensitivity to adjacent 
habitat boundaries. This framework will allow scientists, managers and planners better 
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understand and predict both species responses across edges and impacts of development 
in mosaic landscapes. 
Key-words: edge contrast, fragmentation, Petaurus australis, Petaurus breviceps, 
Pseudocheirus peregrinus, residential density, spillover, Trichosurus vulpecula. 
 
Introduction 
Urbanization is a strong driver of environmental modification worldwide [1,2]. 
Currently, there are more than seven billion people on earth, with more than half living 
in urban areas [3]. By 2050, more than 70% of the human population will live in urban 
areas [4]. Therefore, the pressure for urban development will lead to continued urban 
expansion. These changing environmental conditions will cause loss, degradation, 
fragmentation and isolation of remnant habitats [5]; and affect biodiversity at local, 
landscape and regional scales [6,7]. 
 
As a result of urbanization, animals are increasingly exposed to urban boundaries with 
different edge contrasts [8,9]. Edge contrast, defined as the difference in composition or 
structure between adjoining ecosystems at both sides of the boundary [10], is a key 
element influencing the movement of animals across landscapes [11]. Indeed, 
metapopulation persistence relies on emigration, colonization and isolation [12], all of 
them influenced by how animals move and distribute in relation to proximity of habitat 
boundaries (i.e. “edge effects”) [13]. It is expected that a boundary with high contrast 
between juxtaposed patches (i.e. a “hard edge”) will generate a more pronounced 
reduction in the movement of animals than a “softer edge” [8,14-16], leading to a 
differential length, depth or penetration of edge effects [10]. 
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Although edge effects have received extensive attention in the literature, most 
knowledge on edge effects comes from forested patches adjacent to pastures or crops 
[8,10,11,16,17]. Little is known about the edge effects caused by different kinds of 
urban development. Given the rapid and accelerating expansion of urban areas, the lack 
of attention to biodiversity in the wildland-urban interface is a major knowledge gap 
[18]. Further, the study of ecological processes along habitat edges has been restricted 
to a focal patch (i.e. “one side” of the edge) (e.g. [10,19]) and on a small spatial scale 
(but see [20,21]), limiting our understanding of how species respond to contrasting 
edges to effectively guide management and urban planning. 
 
In this study, we explore the response of animals on both sides of urban boundaries at a 
large spatial scale. We focused on arboreal marsupials because they are sensitive to 
changes in land cover and landscape fragmentation as a result of their dependence on 
forest resources (e.g. foliage, tree hollows) [22,23]. We measured the response of 
arboreal marsupials in urban-forest edges, and compared different edge contrasts based 
on the style of urban development (i.e. housing density) adjacent to relatively intact 
forest. We also surveyed forest controls located away from any type of development to 
detect whether edge responses extended beyond the edge length defined in our study. 
Low (i.e. “soft”) and high (i.e. “hard”) contrast edges corresponded to intact forest 
adjacent to low and high-density housing developments, respectively (Figure 1). 
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Figure 1. Expected responses of arboreal marsupials according to edge contrast and land 
cover in south-eastern Australia. Graphs show the predicted trajectory of the animal 
abundance (dashed line) in adjacent habitats. The vertical line in each graph represents 
the boundary between two habitat patches. Arrows represent direction and magnitude of 
the predicted response with increasing distance from the urban boundary by each 
combination of edge contrast and land cover. 
 
When a patch of habitat (e.g. forest) is juxtaposed with a patch of lower-quality habitat 
(e.g. an urban area) and the type of resources are qualitatively the same in both patch 
types (e.g. trees that provide foliage and den sites), a gradual change in species 
abundance from the highest densities in the interior of the higher quality habitat to the 
lower densities in the interior of the lower quality habitat is expected across the edge 
[17,24] (Figure 1). Because soft edges typically produce a weaker response among biota 
than hard edges [10] (Figure 1), at the outset of this investigation, we predicted a 
transitional response characterized by: (a) a reduction of arboreal marsupial abundance 
in urban areas with a reduced magnitude of the effect in soft edges; (b) a longer 
spillover of arboreal marsupials from forest into urban areas with soft edges; and (c) a 
longer penetration of the negative effect on arboreal marsupials of urban areas into 
forests with hard edges. Our results have relevance for guiding both planning and 
management strategies to improving the conservation of forest-dwelling animals in 
urban landscapes, particularly those at the wildland-urban interface.  
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Materials and methods 
Ethics statement 
Our study was observational and no plants or animals were harmed. The project was 
conducted in accordance with the requirements of permit A2012/52 issued by the 
Animal Experimentation Ethics Committee of The Australian National University. We 
also obtained a Permit for an Activity in a Commonwealth Reserve (BDR12/00010), a 
scientific research license issued by the New South Wales National Parks and Wildlife 
Service (SL101012) and a Special Purposes Permit for Research in Forests NSW 
(SPPR0010) granted to NRV. No specific permits were required for surveying public 
tracks or private lands, where residents and land owners approved access. 
 
Study area 
Our study area was located on the south coast of New South Wales, south-eastern 
Australia. It encompasses an area between the towns of Callala Bay (34°59’S 150°43’E) 
and Berrara (35°12’S 150°33’E), and covers approximately 500 km2 (Figure 2A). The 
region has a temperate climate, with warm summers and cold winters. Annual mean 
minimum and maximum air temperatures are 13.8°C and 20°C, respectively. Annual 
rainfall is ca. 1,000 mm and spread evenly throughout the year [25]. 
 
The area we studied is heavily dominated by native eucalypt forests. Natural lands 
cover 81.4% of the landscape, followed by urban areas (13.4%) and a small percentage 
of other land uses (e.g. grazing, cropping, mining; 5.3%) [26]. We selected this area 
dominated by eucalypt forests to reduce landscape-scale variation across sites. 
Currently, high human population growth and an increasing demand for holiday houses 
along the coast are triggering further clearing of vegetation for urban development. This 
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land use change is creating urban areas of different housing densities interspersed with 
natural areas such as national parks and reserves. 
 
 
 
Figure 2. Study area, sites and diagram of transect placement for spotlighting surveys in 
south-eastern Australia. (A) Study area and sites of spotlight surveys in south-eastern 
Australia. (B) Diagram of the transect placement for spotlighting surveys in each edge 
contrast. At each of the high and low contrast edges a 300 m transect was established 
from the urban boundary into the forest and another 300 m transect was established 
from the urban boundary into the urban area. Control sites included a 300 m transect 
within a forest and were >500 m away from other land use. Arrows indicate the urban 
boundary.  
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Site selection 
To study the effect on arboreal marsupials of edge contrast (i.e. housing density), land 
cover (i.e. forest and urban) and distance to the urban boundary across urban-forest 
edges, we compiled detailed surveys at 12 treatment sites (i.e. forest-urban edges) and 
six control sites. To select treatment sites, we first identified urban cover with high and 
low housing densities in a land use shapefile [26] in ArcMap 10 (ESRI). High-density 
housing developments were represented by residential zones dominated by single storey 
houses (average block size: 0.06 ha). Low-density housing developments corresponded 
to rural residential zones with allotments from 0.2 to 16 ha in size. We identified 
potential sites in urban boundaries adjacent to large areas of forest (i.e. forest extending 
beyond 600 m from the urban boundary and away from other land uses); and selected a 
subset of six sites randomly in each category of housing density (i.e. high and low). We 
restricted our sampling to places where: (1) the cover type and housing density were 
readily assigned to the key design structure in our study, and (2) the forest supported 
key elements of stand structural complexity for arboreal marsupials (i.e. large trees and 
cavities) [27]. Finally, six control sites were selected randomly in large forested areas at 
least 0.5 km away from any other land use, but within 8 km of a treatment site (mean 
nearest distance from an urban boundary ± se = 1447 m ± 400 m). Control sites were 
located within state forests, national parks and reserves and were constrained to sites 
that contained key elements of stand structural complexity for arboreal marsupials. 
 
At each treatment site, we established a 300 m transect along streets or public tracks 
from the urban boundary into the urban cover and another 300 m transect was 
established along an unpaved track from the urban boundary into the forest (Figure 2B). 
At each control site, a 300 m transect was established on an unpaved track (Figure 2B). 
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Surveys of arboreal marsupials 
To estimate species richness and the abundance of arboreal marsupials, we used line-
transect sampling [28]. We spotlighted along each transect in our study sites. This 
method is widely used in Australia [29,30] and produces the best results for this group 
of animals in forests when compared with other survey techniques [31]. 
 
Our 18 sites (comprising 30 transects: two transects per treatment site and one transect 
per control site) were surveyed up to four times (111 passes, mean ± se = 3.4 ± 0.6) 
between December 2012 and February 2013. We accounted for uneven survey effort in 
our analysis (see Data Analysis). All transects were surveyed on foot at a speed of ca. 
10 m/minute by using a 30-W spotlight (LightFORCE) to detect animals by their 
eyeshine, body size, and other physical characteristics with help of binoculars. For each 
detection, we recorded species, the position of the observer along the transect line, the 
distance between observer and animal, and the perpendicular distance of the animal to 
the transect line. 
 
All spotlighting surveys started 1 hour after dusk and ended before 03h00. We 
standardized weather and temporal factors to limit their effects on the abundance index 
by restricting the surveys to good weather conditions (i.e. we did not perform surveys 
during medium or strong wind or rain). We also avoided surveying within four days of a 
full moon due to possible changes in animal activity [32]. To limit observer effects on 
our data, 75% of transects were surveyed by two observers (MAHE and NRV), each 
recording at a different time and from a different direction but on the same night. 
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Vegetation surveys 
Habitat characteristics in each spotlighting transect were quantified in terms of 
vegetation structure and composition, by using the point-intercept survey method [33] 
along a 50 m transect (50 points) at 100 and 300 m from the urban boundary in both 
directions (i.e. urban area and forest). All vegetation transects were placed on the 
vegetation parallel to the spotlighting transects (including street vegetation and front 
gardens in urban areas). At each point, we recorded the presence/absence of grass, litter, 
bare ground, impervious surfaces, woody debris, understory vegetation (excluding 
grass) and canopy. The proportion cover of each habitat variable was calculated by 
dividing the amount present by the total number of points (50) on each transect. We 
averaged the proportions recorded along the two vegetation transects to characterize 
each spotlighting transect. 
 
Data analysis 
Species richness, total abundance and individual species abundance 
We aggregated our data on all animals recorded in different passes of each transect. For 
each record, we calculated the distance of the animal to the urban boundary in ArcGIS 
10. Each animal was assigned to one of three distance intervals from the urban 
boundary: 0-100 m, 100-200 m and 200-300 m. Although distance to the urban 
boundary was not considered in control sites, all records were grouped by 100 m 
transect to ensure the same sampling unit was used across all analysis (see below). The 
midpoint of each distance interval was used as a continuous variable (i.e. 50 m, 150 m 
and 250 m) in later analysis. 
 
Prior to conducting detailed statistical analysis, we ensured that the species’ detection 
did not differ between urban and forest cover. We compared the distribution function of 
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the proportion of animals seen according to the distance to the observer in forest versus 
urban cover by using a bootstrapping version of the Kolmogorov-Smirnov test. The 
Kolmogorov-Smirnov test examines the null hypothesis that samples are drawn under 
the same distribution [34]. None of the species exhibited a different probability 
distribution of records between urban and forest transects (P>0.2), suggesting a similar 
rate of detection between land cover types. 
 
We used Generalized Lineal Mixed Models (GLMMs) with Laplace approximation [35] 
and Poisson link function for analyzing the effect of housing density, land cover and 
distance to the urban boundary on the richness, total abundance and individual species 
abundance per 100 m spotlight transect in forest-urban edges (12 treatment sites). We 
selected only those species with ≥ 15 records to perform species-level analysis. Fixed 
effects included housing density, land cover, their interaction, and the distance to the 
urban boundary nested within the interaction of housing density and land cover. The 
term distance to the urban boundary nested within the interaction of housing density and 
land cover allowed distance to the urban boundary to have a different effect (e.g. 
positive, negative or neutral) in each combination of housing density and land cover. 
The site (i.e. transect location, including the adjacent urban and forest transects) was 
fitted as a random effect. Then, each response variable was modelled in a GLMM as: 
 Response ~ HD + LC + (HD x LC) + (HD x LC / D) + (1| S) (1) 
 Where: 
HD= housing density, factor with two levels: high and low 
LC= land cover, factor with two levels: urban and forest 
D= distance to the urban boundary, continuous scale 
S= site, factor with 12 levels 
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As the survey effort was not the same in all transects, we modelled the natural logarithm 
of the number of passes as an offset variable in all models. We tested for overdispersion 
in our models by comparing the residual deviance with the residual degrees of freedom. 
When a model was overdispersed, an observation-level random effect was added to the 
model (i.e. each statistical unit, 100-m transect, was modelled as a random effect) [36]. 
 
Because we allowed distance to the urban boundary to have a different effect in each 
combination of housing density and land cover (HDxLC/D in equation 1), each GLMM 
was first tested for the effect of the distance to the urban boundary between each 
combination of housing density and land cover with Wald X
2
 contrast tests. When there 
was no significant effect of distance to the urban boundary, a backward elimination 
procedure was used to remove non-significant variables and select the best models. 
Wald X
2
 tests were performed to evaluate the significance of a factor in each model 
[35]. When the interaction between housing density and land cover was significant, 
multiple comparison tests were performed using Fisher’s LSD. We regarded results as 
significant when P<0.1 to identify all relevant trends. 
 
When the model selection discarded both distance to the urban boundary and land cover 
as relevant predictors (i.e. HDxLC/D, HDxLC and LC in equation 1), the response was 
not different across the edge. If there were any edge effects, they extended further than 
300 m from the urban boundary. In those circumstances, we tested for such deeper edge 
effects by incorporating control sites in a new analysis (i.e. including all 18 sites 
regarding a 100-m transect as the statistical sampling unit). Then, edge contrast was a 
variable with tree levels: high contrast edge, low contrast edge and forest control. This 
approach allowed us to test whether edge effects of urban areas with different housing 
densities extend further than 300 m into the adjacent forest.  
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Once the backward selection was completed, we estimated the predicted response 
values from the relevant parameters of the final GLMMs, and estimated standard errors 
[37]. We evaluated potential spatial autocorrelation in the residuals of our final models, 
to test whether the assumptions of independence and distribution of residuals were 
violated [38]. We used residual variograms to visualize whether the residual 
semivariance (i.e. a measure of the variance of model residuals between sites) was 
independent of distance between sites. We also calculated Moran’s I index for residuals 
from our final models. Moran’s I index tests the null hypothesis of no correlation 
between model residuals given a matrix of distances between sites (1/distance) that is 
used as a “neighborhood” weight [39]. 
  
Vegetation 
We described differences in vegetation structure among transect classes (i.e. each 
combination of edge contrast and land cover, and control sites) to help identify habitat 
characteristics and interpret observed responses in arboreal marsupials by using 
Principal Components Analysis (PCA). We used PCA on a correlation matrix of the 
vegetation variables from the point-intercept method (i.e. proportion of grass, litter, bare 
ground, impervious surface, woody debris, understory vegetation and canopy cover). 
We log transformed variables where appropriate and tested for significant differences in 
the component scores among transect classes with analysis of variance (ANOVA) for 
the first three components. When significant differences were found, we performed 
Tukey’s HSD to identify what classes were different. 
 
All statistical analyses were performed in R-2.15.2 [40]. We used the package 
“Matching” for bootstrapping of Kolmogorov-Smirnov tests [34], “lme4” to fit GLMMs 
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[41], “AICcmodavg” to obtain predicted values and standard errors [37], “gstat” to 
calculate residual variograms [42] and “ape” for Moran’s I autocorrelation index [39] . 
 
Results 
We recorded 164 individuals of six species of arboreal marsupials (Supporting 
Information Table S1) which represent most species of arboreal marsupials described 
for the study area. The number of records allowed us to perform species-level analysis 
for four species: the common brushtail possum (Trichosurus vulpecula, Kerr 1792), the 
common ringtail possum (Pseudocheirus peregrinus, Boddaert 1785), the sugar glider 
(Petaurus breviceps, Waterhouse 1839), and the yellow-bellied glider (Petaurus 
australis, Shaw 1791). The greater glider (Petauroides volans, Kerr 1792) and the 
feathertail glider (Acrobates pygmaeus, Shaw 1794) were recorded three times and 
once, respectively. Data for these two species were insufficient to enable species-level 
analysis, but records for them were used in analyses of total abundance and species 
richness. 
 
Total abundance 
The total abundance of arboreal marsupials differed with distance to the urban boundary 
when we compared urban cover with different housing densities (Figure 3A). In urban 
cover with high housing density, the abundance of arboreal marsupials declined with 
distance to the urban boundary; whereas in urban cover with low housing density, the 
abundance of arboreal marsupials increased with distance to the urban boundary (Wald 
contrast test, P=0.03) (Figure 3A). Observed trends in forest cover were not 
significantly different (P>0.1). 
 
 97 
 
Figure 3. Predicted mean abundances per 100 m spotlight transect according to the 
distance to the urban boundary from Generalized Linear Mixed Models. (A) Total 
abundance of arboreal marsupials and (B) common ringtail possum abundance. Codes 
of edge contrasts: High=high housing density; Low=low housing density. Codes of land 
cover: F=forest; U=urban. Estimated values were predicted for a single spotlighting 
pass. Significant P-values of the relevant variables in the GLMMs and significant 
contrast tests are shown on the top of each graph. 
 
Species richness 
From data on the six species recorded, we did not find any effect of distance to the 
urban boundary on species richness (Wald contrast tests and Wald test, P>0.1). 
Richness was lowest in urban cover with high housing density (P<0.08) (Figure 4A, 
Supporting Information Figure S1A). 
 
Responses by individual species 
We found that common ringtail possum abundance increased with urban cover 
(P=0.08), but it exhibited a steep reduction in abundance toward the interior of the 
urban cover with high housing density (P=0.08) (Figure 3B). 
 
There was no significant effect of distance to the urban boundary on the abundance of 
the sugar glider, common brushtail possum or yellow-bellied glider. Sugar glider 
abundance was lowest in urban cover with high housing density (P<0.07) (Figure 4B, 
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Supporting Information Figure S1B). In contrast, common brushtail possum abundance 
was lower in forest adjacent to low-housing density developments when compared to 
both the adjacent urban cover (P=0.04), and the forest adjacent to high-housing density 
developments (P<0.1) (Figure 4C, Supporting Information Figure S1C). Yellow-bellied 
glider abundance was best described by edge contrast, decreasing in abundance at hard 
edges (i.e. urban cover with high housing density and adjacent forest) when compared 
with forest controls (P=0.08) (Figure 4D). This was the only species where the 
backward selection procedure discarded both distance to the urban boundary and land 
cover as relevant predictors; incorporating forest controls. 
 
Spatial autocorrelation 
We did not find evidence of spatial autocorrelation in models’ residuals between sites. 
The residual semivariance did not increase with distance between sites. Further, 
Moran’s I autocorrelation indices were not significant (P>0.05; Supporting Information 
Table S2). 
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Figure 4. Predicted mean values of arboreal marsupials per 100 m spotlight transect 
from Generalized Linear Mixed Models (best models). (A) Species richness, (B) sugar 
glider abundance, (C) common brushtail possum abundance, and (D) yellow-bellied 
glider abundance. Codes of edge contrasts: High=high housing density; Low=low 
housing density; Control. Codes of land cover: F=forest; U=urban. Bars indicate 
standard error. Estimated values were predicted for a single spotlighting pass. 
Significant P-values of the relevant variables in the GLMMs and significant contrast 
tests are shown on the top of each graph. Different letters on the top of each bar 
indicates significant differences of contrast tests at a 90% confidence level.  
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Differences in vegetation structure among transects 
The first three components of the PCA explained 56%, 20% and 10% of variation in 
vegetation structure on spotlight transects, respectively (Supporting Information Table 
S3A). Component 1 was positively correlated with the proportion of bare ground and 
impervious surfaces, and negatively correlated with litter, woody debris, understory and 
canopy cover. Therefore, Component 1 represented a gradient of increasing clearing of 
the vegetation and its replacement with impervious surfaces (Figure 5). Component 2 
had a high negative correlation with the proportion of grass, and a positive, but low 
correlation (≤ 0.3) with all remaining variables (e.g. canopy, woody debris, impervious 
surfaces), and thus represented a gradient of reduction in grass cover and an increase of 
the other structures (Figure 5). Component 3 was positively correlated with understory 
and negatively correlated with woody debris, representing increasing shrub density and 
the reduction of woody debris. 
 
 
Figure 5. Component loading of principal component analysis (PCA) of vegetation 
variables on transects surveyed in south-eastern Australia. Under: understory; Wood: 
woody debris.  
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We found significant differences among transect classes for the first two components 
(Supporting Information Table S3B). The first component showed that control sites had 
significantly higher canopy cover, litter, understory and woody debris, and less bare 
ground and impervious surfaces than both low-density housing sites (P=0.07) and high-
density housing sites (P=0.0001); and high-density housing sites had significantly more 
bare ground and impervious surfaces than low-density housing sites (P=0.01) (Figure 
5). Forest cover was characterized by a high proportion of canopy cover, understory, 
litter and woody debris, whereas the urban cover was characterized by the high 
proportion of bare ground and impervious surfaces. The difference between forest and 
urban cover was always significant within the same housing density (P<0.0002) and 
among all housing densities (P<0.04). The second component showed that both high 
and low-density housing sites had significantly a higher proportion of grass than 
forested controls (P=0.006). As a result of the high variance in vegetation related to the 
transect classes (i.e. both housing density and land cover), we did not use the main 
components for fitting additional GLMMs to avoid overparameterizing models with 
redundant variables. 
 
Discussion 
Urbanization is a key process threatening biodiversity worldwide. In our empirical work 
on arboreal marsupials, we did not find the expected gradual change in species 
abundance across forest-urban edges based on simple habitat characteristics of the 
adjacent patches. Rather, we identified a broad range of responses suggesting that 
considering habitat characteristics in isolation lacks predictive power. Therefore, we 
present a model predicting the trajectory of animal responses across edges based on 
three fundamental steps: 
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 (1) the habitat quality / habitat preference between juxtaposed patches,  
 (2) the species response with the proximity to the adjacent habitat, and  
 (3) the extent of the spillover / sensitivity to adjacent habitat boundaries. 
In the following section we discuss the responses of each arboreal marsupial, followed 
by a predictive framework of edge effects. 
 
Arboreal marsupials across urban-forest edges 
Species loss and biotic homogenization have been proposed as one of the main impacts 
of urbanization on biodiversity [43,44]. This decline in vertebrate richness in urban 
landscapes has been associated with an increased human and building density [45-47], 
and the reduction of native vegetation such as canopy cover [46,48]. In our study, 
species richness was lowest in high-density housing developments, but there was no 
significant impact on the adjacent forest. Therefore, the significant reduction of the 
vegetation in high-density housing developments (and canopy cover in particular) 
appears likely to be the main cause of decline of arboreal marsupials in urban 
environments. 
 
The total abundance of arboreal marsupials increased towards the interior of low-
density housing developments, whereas the opposite trend was found in high-density 
housing developments. It has been widely proposed that different edge contrasts 
produce a change in magnitude or extent of the response but not a change in its 
direction [10,11]. In contrast to other studies reporting that urbanization increases the 
total abundance of a few dominant species [46,49], our results for arboreal marsupials 
revealed that both species richness and total abundance declined with higher levels of 
urbanization (i.e. high housing density), and the effect was reversed in low-density 
housing developments in this environment. Low-density housing developments 
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provided suitable habitat for most of the species, probably as a result of the moderate 
level of clearing of the vegetation that increased the diversity of niches [50]. Also, the 
bias towards the development of private lands on higher productivity sites in the study 
area [51] might have contributed to the increased abundance of arboreal marsupials in 
low-density housing developments. 
 
At the species level, the sugar glider did not respond to distance to the urban boundary. 
Instead, our result implied habitat loss in high-density housing developments, but no 
negative effect on adjacent forests, and that low-density housing developments provided 
a suitable habitat. This species is often found in forest strips and forest fragments [52], 
consistent with our observations that they had high abundances in low-density housing 
developments which are more open than forests, but with retained tree cover. The lack 
of a negative effect on sugar glider abundance in the adjacent forests might be a result 
of its non-response to the proximity of urban areas. However, their high degree of 
arboreality, along with the lack of canopy cover in high-density housing developments 
might have limited their ability to cross the urban boundary, leading to the restricted 
spillover of individuals from forests to urban areas. 
 
The yellow-bellied glider was less abundant in high-density housing developments and 
the adjacent forests compared to forested controls, suggesting its sensity to urban 
development at a large spatial scale. This forest-interior species needs large areas of 
forest to meet their dietary requirements [52,53] and is sensitive to the effects of habitat 
loss and fragmentation [52,53]. This may explain its avoidance of forest boundaries and 
its sensitivity to urban disturbance beyond 300 m from the urban boundary. Although 
edge effects on animals have been studied mainly over short distances (e.g. ≤ 300 m 
[11,19,30,54]), an extended edge effect from urban developments has been reported in 
 104 
carnivorous mammals in North America, with both specialist and behaviorally-plastic 
species responding at several kilometers to the urban boundary [55]. 
 
Previous studies have found that the common ringtail possum, as well as other ringtail 
possums, have higher abundances at edges in forested environments [30,56], as a result 
of either an increased foliage density [30] or access to complementary resources [57]. In 
contrast, we found a neutral response with the proximity to the urban boundary, 
probably as a result of a lack of immigrants from the high-density housing development 
[58]; and a reduction in its abundance towards the interior of high-density housing 
developments. This response trajectory may be the result of a spillover of animals from 
forest to urban areas; with the strong reduction of the abundance with increasing 
distance to the forest representing dispersing animals across hard edges. 
 
The degree of specialization, such as arboreality, denning requirements and feeding 
habitats, as well as dispersal, home range sizes and dependence on primary forests 
[55,59] might interact to explain the different response patterns observed. Non-volant 
species (e.g. possums) might be favored by urban areas, because they are not strictly 
arboreal like gliders, and are able to move along the ground [52]. Despite the potential 
ability of the common ringtail possum to colonize new environments because it is not 
an obligate cavity-dependent species [60], the common brushtail possum was the most 
successful species in colonizing high-density housing developments. 
 
Among arboreal marsupials, the common brushtail possum is able to use new resources 
provided by urban areas (e.g. rubbish, gardens and vegetable patches as food supply; 
along with roofs and other building structures for denning) [61,62], indicating it is an 
“urban adapter”. “Urban adapter” species are native species that increase their 
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abundance in residential areas (i.e. suburbia) [1]. For example, among carnivorous 
mammals, raccoons (Procyon lotor, Linnaeus 1758) in North America are positively 
associated to residential areas probably as a result of the use of refuse as a food supply 
[63]. Feeding habits has been proposed as the main mechanism underpinning the 
abundance of animals in urban areas, with omnivorous species positively related to 
urbanization whereas specialized species are diminished [43,54,63]. In addition, those 
species with high reproductive potential [64] as well as those which can use buildings as 
resting or nesting sites [65] will benefit from urban environments. 
 
A predictive model of edge effects 
Based on habitat characteristics, we expected a gradual change in the abundance of all 
species across edges, as a result of the spillover of animals from forests to urban areas 
(Figure 1). However, we found only partial support for this response in the common 
ringtail possum (Figure 3). 
 
Habitat quality is a basic element explaining the distribution of animals (e.g. ideal free 
distribution) [66]; but to understand the distribution of animals in adjacent habitats, we 
need to consider more detailed knowledge of both a given species and the environments 
involved [11]. According to Lidicker [67], there are two fundamental kinds of edge 
effects present in vertebrates: a matrix effect and an ecotonal effect. A matrix effect is 
observed when the response of animals across edges is a result of their response in each 
habitat type in isolation (Figure 6A); whereas an ecotonal effect is observed when 
animals respond to the proximity of habitat boundaries [67] due to the influence of an 
adjacent patch [15] (Figure 6B). An ecotonal effect can produce different response 
trajectories [13]. However, ecotonal effects are commonly classified as positive, 
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negative or neutral if the response increases, decreases or does not change with 
decreasing distance from the edge, respectively [15,24,67] (Figure 6B). 
 
The final trajectory of the animal response across edges is defined by different 
mechanisms (Figure 6C). For example, the extent of the spillover of individuals on the 
adjacent habitat and the species sensitivity with the proximity to the adjacent patch will 
be influenced by the biology and behavior of the species [19,67], as well as population 
dynamics [66] and attributes of the juxtaposed patches, such as boundary permeability 
to emigration [15,68,69]. Therefore, we integrated these variables with our results, to 
develop a new model of edge effects to help better predict animal responses across 
edges. 
 
In our model, the initial response is influenced by both habitat quality and habitat 
preference [15,19,24]. When habitat quality or resources are similar between patches or 
species show no preference for a particular habitat patch, a neutral response is expected 
at both sides of the boundary (e.g. sugar glider and common ringtail possum in low-
density housing developments and adjacent forests) (Figure 6).  
 
When one patch has significantly higher habitat quality or is preferred, animals will 
reach a higher abundance in that patch when compared to the adjacent patch. As habitat 
quality or preference differs between patches, animals might respond to the proximity 
of the adjacent patch. Then, the trajectory of the response may be neutral, negative or 
positive with decreasing distances to the boundary. 
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Figure 6. New predictive model of edge effects in animals. Columns indicate three 
consecutive steps to predict the final animal response. Graphs show the predicted 
abundance of a species (dashed line) in adjacent habitats. The vertical line in each graph 
represents the boundary between two habitat patches. (A) The first step in the model 
proposes both habitat quality and habitat preference defining the initial response 
between two adjacent habitat patches. (B) The second step identifies three kinds of 
animal responses according to the proximity of the adjacent habitat. (C) The last step 
outlines the final response trajectory and related mechanisms modifying the response.→ 
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Mechanisms modifying the response trajectory were related to species attributes and 
behavior (e.g. access to adjacent patch, avoidance to emigrate from preferred habitat, 
sensitivity to habitat change), population dynamics (e.g. density-dependence driving 
emigration), and patch attributes (e.g. permeability to emigration). Text boxes show the 
observed responses by each species in different edge contrasts in our study. 
 
A neutral response with the proximity to the adjacent habitat (i.e. no change in 
abundance with distance from the preferred-habitat side of the edge) might generate 
three main kinds of final response trajectories across habitat edges which are influenced 
by the extent of the spillover (i.e. proportion of animals crossing the habitat boundary): 
restricted spillover, moderated spillover, and extended spillover. First, a restricted 
spillover might be a result of either physical or behavioral mechanisms. Physical 
mechanisms might include limited access to the adjacent patch (e.g. sugar glider 
spillover is limited from forest to high-density housing developments as a result of its 
specialized movement that depends on vertical structures that allow gliding), or low 
boundary permeability [15,68]. Behavioral mechanisms restricting spillover may 
involve a reluctance to cross habitat boundaries as a result of increased predation risk 
[70], or the concentration of individuals in preferred habitats without density-dependent 
processes driving emigration to the non-preferred patch (e.g. common brushtail possum 
in low-density housing developments had a limited spillover from the preferred urban 
habitat into the adjacent forest). Second, a moderated spillover will consist in animals 
crossing the boundary but only a few colonizing the adjacent habitat (e.g. common 
ringtail possum spillover from forest to high-density housing developments). Third, an 
extended spillover will be found if emigration from higher quality or preferred habitat is 
high [15,68]. This increased spillover may occur with density-dependent emigration, 
such as when territorial species saturate optimal habitats and boundary permeability to 
emigration is high (e.g. in populations with high density, young common brushtail 
possums searching for territories are frequently subject to conspecific conflicts [71], 
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which might increase their emigration from the overcrowded high-density housing 
developments to adjacent forest). 
 
A negative response with the proximity to the adjacent habitat can generate three main 
final response trajectories across habitat edges. A “transitional” [24] response across the 
edge (or “mutual influence” [15]), allows a moderated spillover of animals into the 
adjacent habitat. A negative response across the edge (or "negative influence" [15]) 
results when a species reaches the same abundance at the boundary as in the adjacent 
habitat patch. An extended negative response is found when the animal abundance 
declines a long way away from a boundary. An extended negative response will be 
expected in species sensitive to habitat change, such as core-area species (e.g. yellow-
bellied glider in forest adjacent to high-density housing developments) and species of 
conservation concern [19].  
 
Finally, animals might respond positively to the proximity of habitat boundaries. For 
example, if resources are concentrated at the edge or different resources can be found at 
each side of a boundary, animal abundance will increase with the proximity to the 
habitat boundary [11,15]. 
  
Although our model was primarily based on the trajectory of the animal responses 
found in our empirical work, a framework considering three basic elements (i.e. habitat 
quality / habitat preference, species response with proximity to the adjacent habitat, and 
factors determining spillover extent / sensitivity to habitat boundaries) will provide 
useful insights when predicting animal response across edges. We believe our 
framework continues the integration of knowledge on edge effects, encouraging both 
scientists and managers to develop and test predictions in the field.  
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Implications for conservation and urban planning 
Our results have important implications for both conservation and urban planning. First, 
our predictive model of edge effects provides useful insights to guide urban planning. 
For example, it suggests that forest-dependent species exhibit multiple responses to a 
modified environment. Consequently, different strategies must be considered to avoid 
or mitigate impacts on a particular faunal group. Moreover, the effects of one 
environment on a species living in the adjacent habitat will depend on several factors 
that include not only attributes of the adjacent patches, but also the ecology, biology and 
behavior of the species. Therefore, to appropriately predict and mitigate the impact of 
urbanization on biodiversity, a detailed understanding is needed of the species and the 
environment involved. 
 
Second, managers and urban planners must be aware of the negative impacts of high-
density housing developments on arboreal marsupials. In contrast, low-density housing 
developments have allowed the persistence of most arboreal marsupials. These results 
agree with studies that have found a positive effect of low urban density on native 
mammals in North America [55]. Further, low contrast edges have been shown high 
value in conserving forest marsupials in urban environments elsewhere in Australia 
[22]. The main structural difference between high and low-density housing 
developments was the reduction of native vegetation and key habitat structures (e.g. 
trees) in high-density housing developments, and their replacement by bare ground and 
impervious surfaces. 
 
Third, although high-density housing developments had no significant impact on most 
response variables measured in the adjacent forests, there may have been undetected 
effects. For example, the neutral response to the boundary found on most species 
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inhabiting forests next to urban developments might be a result of young individuals 
being displaced close to the forest boundary by adults [22]. Further, high-housing 
density developments had a negative impact on the abundance of yellow-bellied glider 
in the adjacent forest, the only threatened species recorded in the study area. As the 
impact on the yellow-bellied glider extended beyond 300 m from the urban boundary, 
high-density housing developments must be several hundred meters away from 
conservation areas (e.g. national parks and reserves) to avoid reducing forest core area 
for this species. However, at the planning stage of future urban developments, including 
buffer zones larger than 300 m into projected urban areas might be counter-productive 
for conservation purposes, as larger forested areas will be released and be subject to 
land use change. If the negative effects of high-housing density developments are not 
reversed, they will pose an increased threat to most species of the arboreal marsupials 
not only through habitat loss, but also by having an extended impact on sensitive 
species living in adjacent forests. 
 
Finally, the overall impact of low versus high-density housing developments remains 
unclear [72]. While Sushinsky et al. [73] state that the impacts of urban development on 
bird distributions may be reduced with an increased housing density, our results on 
arboreal marsupials demonstrated the opposite trend. We suggest that future research 
must be focused on: (1) improving land planning by comparing the overall impacts of 
different styles and configurations of urban development; and (2) developing 
management strategies to mitigate the current impacts of high-housing density 
developments. For example, Fontana et al. [47] found that variables subject to 
management, such as canopy cover, have a greater effect on bird assemblages than 
human population density; and Palomino & Carrascal [46] conclude that the negative 
effects of urbanization on forest birds may be reversed if large mature tree cover is 
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provided. When strategies are compared, the retention of original native vegetation may 
be more cost-effective than vegetation restoration in conserving biodiversity [1]. New 
research should quantify the effect of both increasing vegetation and retaining the 
structural complexity of the natural vegetation, in mitigating the impact of high-density 
housing developments on forest-dependent species. 
Conclusions 
Our study provides new understanding of animal responses across urban-forest edges on 
a large spatial scale and offers useful insights to guide urban planning. We argue that 
habitat characteristics are among the multiple factors influencing the animal response 
across habitat edges. To accurately predict animal responses across edges, and inform 
urban planning, factors that need to be considered are: (1) the habitat quality / habitat 
preference, (2) the species response with the proximity to the adjacent habitat, and (3) 
the extent of the spillover / sensitivity to habitat boundaries. We found that high-density 
housing developments had negative effects on arboreal marsupials, whereas low-density 
housing developments provided suitable habitat for most of the arboreal marsupials. As 
a result of the broad range of species responses, we propose two fundamental strategies 
to minimize the impacts of urban developments: (1) reduce the loss of forest core area 
at the planning stage, to limit impacts on sensitive species; and (2) mitigate the 
environmental impact of high-density housing developments on forest-dwelling species 
by providing key habitat structures that may facilitate the movement of animals and 
promote colonization of urban environments. 
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Supporting Information 
Figure S1. Differences in mean levels of multiple comparison tests. (A) Species 
richness, (B) sugar glider abundance, and (C) common brushtail possum abundance in 
log scale of multiple comparisons of edge contrast and land cover combinations. Codes 
of edge contrasts: High=high housing density; Low=low housing density. Codes of land 
cover: F=forest; U=urban. Bars represent 90% confidence intervals. When confidence 
intervals do not overlap zero, means between comparison levels are different at a 
significance level of 0.1. 
 
Table S1. Number of individuals recorded of each species. 
Table S2. Moran’s I autocorrelation index on model residuals. 
Table S3. PCA and ANOVA of vegetation variables. 
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Supporting Information 
 
 
 
Figure S1. Differences in mean levels of multiple comparison tests. (A) Species 
richness, (B) sugar glider abundance, and (C) common brushtail possum abundance in 
log scale of multiple comparisons of edge contrast and land cover combinations. Codes 
of edge contrasts: High=high housing density; Low=low housing density. Codes of land 
cover: F=forest; U=urban. Bars represent 90% confidence intervals. When confidence 
intervals do not overlap zero, means between comparison levels are different at a 
significance level of 0.1. 
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Table S1. Number of individuals recorded of each species by edge contrast and land 
cover in south-eastern Australia. 
Species Edge contrast: Forest control Low High 
 Land cover:  Forest Urban Forest Urban 
Common brushtail possum      
Trichosurus vulpecula 1 2 13 19 24 
Common ringtail possum      
Pseudocheirus peregrinus 6 8 12 2 5 
Sugar glider      
Petaurus breviceps 14 14 11 13 1 
Yellow-bellied glider      
Petaurus australis 11 2 1 1 0 
Greater glider      
Petauroides volans 0 0 0 3 0 
Feathertail glider      
Acrobates pygmaeus 0 0 0 1 0 
Total 32 26 37 39 30 
 
 
 
 
 
Table S2. Statistics of Moran’s I autocorrelation index on model residuals. 
 
Model Observed Expected sd P 
Total abundance -0.0069 -0.0141 0.016 0.66 
Species richness -0.0266 -0.0141 0.016 0.44 
Common brushtail possum abundance -0.0045 -0.0141 0.016 0.54 
Common ringtail possum abundance 0.0135 -0.0141 0.015 0.07 
Sugar glider abundance -0.0201 -0.0141 0.016 0.70 
Yellow-bellied glider abundance -0.0044 -0.0112 0.014 0.61 
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Table S3. (A) Summary of the Principal Component Analysis (PCA) of vegetation 
variables on transects surveyed in south-eastern Australia. Bold denotes factor loadings 
>0.35. (B) Two-way ANOVA on the first three components from Principal component 
analysis (PCA) of vegetation variables. Bold denotes P<0.1. 
(A)  
 
Component loadings 
Site structure variables Range (mean) C. 1 C. 2 C. 3 
Bare ground 0 - 0.18 (0.06) 0.447 0.262 0.192 
Litter 0 - 1 (0.80) -0.445 0.182 0.176 
Grass 0.35 - 0.96 (0.74) -0.107 -0.805 
 Impervious surface 0 - 0.31 (0.028) 0.429 0.263 0.128 
Woody debris 0 - 0.21 (0.062) -0.343 0.311 -0.632 
Understory 0 - 0.78 ( 0.33) -0.365 
 
0.716 
Canopy 0 - 0.93 ( 0.56) -0.395 0.287 
 Proportion of variance explained 0.562 0.195 0.098 
Cumulative proportion of variance explained 0.562 0.758 0.857 
 
(B) 
Source of variation DF SS MS F P 
Component 1
a
 
     -edge contrast 2 8.52 4.26 13.14 <0.001 
-land cover 1 19.30 19.30 59.53 <0.001 
-edge contrast x land cover 1 0.01 0.01 0.03 0.87 
-residuals                   25 8.10 0.32 
  Component 2 
     -edge contrast 2 13.36 6.68 6.46 0.006 
-land cover 1 0.68 0.68 0.66 0.43 
-edge contrast x land cover 1 1.12 1.12 1.15 0.29 
-residuals                   25 25.88 1.04 
  Component 3 
     -edge contrast 2 3.05 1.52 2.23 0.13 
-land cover 1 0.20 0.20 0.29 0.60 
-edge contrast x land cover 1 0.48 0.48 0.70 0.41 
-residuals                   25 17.06 0.68 
  a log transformed to meet ANOVA assumptions. 
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Paper III: Strong influence of local habitat structure 
on mammals reveals mismatch with edge effects 
models 
 
 
 
 
 
 
Brown antechinus (Antechinus stuartii) detected with vertically-oriented cameras in 
south-eastern Australia. 
 
 
 
 
Villaseñor, N.R., Blanchard, W., Driscoll, D.A., Gibbons, P., & Lindenmayer, D.B. 
(2015). Strong influence of local habitat structure on mammals reveals mismatch with 
edge effects models. Landscape Ecology, 30, 229–245. 
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Abstract 
Context: What determines mammal occurrence across wildland-urban edges? A better 
understanding of the variables involved will help update edge effects theory and 
improve our ability to conserve biota in urbanizing landscapes. 
Objectives: For the first time, we tested whether the occurrence of mammals across 
urban-forest edges and forest interiors was best predicted by: (1) edge variables (i.e. 
edge type and distance to an urban boundary), (2) local habitat structure (e.g. proportion 
of understory cover), or (3) edge variables after accounting for local habitat structure. 
Methods: Using 77 camera stations in south-eastern Australia, we quantified the factors 
influencing the occurrence of five native mammals (brown antechinus, bush rat, 
common brushtail possum, black wallaby and long-nosed bandicoot) and three non-
native mammals (red fox, cat, and dog). 
Results: The occurrence of most native and non-native mammals was best predicted by 
local habitat structure rather than by edge variables. Although edge variables had effects 
on most species occurrences, local habitat structure outweighed the impacts of edge 
effects. 
Conclusions: Our findings are important for management and urban planning as they 
suggest that local-scale management of habitat and habitat retention at urban edges will 
mitigate urban impacts on fauna. Our work reveals a critical mismatch in the spatial 
scale of predictive variables commonly used in edge effects models (edge types and 
distance to a boundary) compared with the smaller scale of local habitat variables, 
which underlie most species occurrence. We emphasize the need to consider 
heterogeneity within patches in predictive frameworks of edge effects. 
Key-words: edge contrast, habitat boundaries, mammal occurrence, residential areas, 
spatial scale, urbanization, vertically-oriented camera trapping.   
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Introduction 
The creation and expansion of urban areas increases the area and number of edge 
environments by modifying and fragmenting natural landscapes (Radeloff et al. 2005; 
Brearley et al. 2010; Groffman et al. 2014). Edges created by urban development are 
not uniform because residential development occurs at different housing densities 
(Sushinsky et al. 2013). Therefore, urban areas need to be thought not as homogeneous 
hostile environments, but rather as a collection of patches of different quality for 
biodiversity (Lindenmayer and Fischer 2006; Do et al. 2014; Groffman et al. 2014). As 
a result, species are unlikely to respond uniformly to the variety of edges generated by 
urban development (Ikin et al. 2013; Forman 2014; Villaseñor et al. 2014). 
 
Species responses across edges can be influenced by edge variables or by local 
habitat characteristics along an edge (Lidicker 1999; Kristan et al. 2003; Ikin et al. 
2014). Edge variables are those that are directly associated with the juxtaposed patches 
that generate an edge, such as distance to a boundary (Harper et al. 2005) and edge type 
(Ries et al. 2004). In urban landscapes, distance to an urban boundary (Kristan et al. 
2003; Ordenana et al. 2010) and edge types classified by the housing density at an edge 
(Hodgson et al. 2007; Villaseñor et al. 2014) can affect responses by species. Species 
also can respond to local habitat characteristics (Brearley et al. 2010). Although local 
habitat characteristics can be driven by edge effects (Lidicker 1999; Kristan et al. 2003; 
Laurance et al. 2011), local habitat characteristics also may vary independently of the 
edge and therefore could explain additional variation to that associated with an edge. 
 
A key question relevant to the management and planning of urban areas is 
therefore: What are the main factors influencing species responses across habitat edges? 
Despite there being abundant research into edge effects (reviewed by Murcia 1995; Ries 
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et al. 2004; Harper et al. 2005; Vetter et al. 2013), the “quantification of the specific 
mechanisms that underlie observed edge patterns is still lacking for most systems” 
(Wimp et al. 2011; p. 869). Furthermore, studies of ecological processes across edges 
have usually been restricted to one side of a boundary (e.g. Harper et al. 2005; 
Fonderflick et al. 2013), have focused on forested remnants adjacent to pastures or 
crops (e.g. Forman 1995; Harper et al. 2005), and been conducted on a small spatial 
scale (but see Ewers and Didham 2008; Laurance et al. 2011). 
 
Our study is the first to address these key knowledge gaps by measuring the 
response of mammal species in a mosaic landscape of forests and urban areas with 
varying housing densities. This study is needed because the variables at habitat edges 
that ground-dwelling mammals respond to remain unknown (Mills 1995; Kristan et al. 
2003; Ries et al. 2004; Porensky 2011; Prevedello et al. 2013). We investigated which 
variables best predicted mammal occurrence across urban-forest edges and forest 
interiors. In particular, we posed the following three questions: 
(1) How well do edge variables, such as the housing density at the urban-forest 
edge and distance to the urban boundary, predict individual species occurrences? 
(2) How well do local habitat variables, such as local habitat structure, predict 
individual species occurrences? And, 
(3) How well do edge variables, after accounting for local habitat effects, 
predict individual species occurrences? 
 
Given the rapid and accelerating expansion of urban areas into forested areas 
(Stein et al. 2012; Wood et al. 2014), further understanding of potential changes to 
biodiversity in wildland-urban interfaces is required to guide management and urban 
planning. The findings of this study will allow managers and urban planners to make 
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informed decisions when evaluating both impacts of development on wildlife and 
mitigation and restoration strategies. For instance, if local habitat variables are the main 
predictors of animal response, animal populations are likely to respond to local 
management such as restoration (Kristan et al. 2003). If edge variables have a greater 
impact, local-scale habitat management might be unsuccessful in conserving animal 
populations, whereas decisions on the design and housing densities in the urban mosaic 
would have a greater effect on biodiversity. We draw on our results to: (1) inform 
ecologically sustainable urban development and (2) improve existing conceptual models 
for predicting the response of species to habitat edges. 
 
Methods 
Study area 
Our study was located on the south coast of New South Wales, south-eastern Australia 
(Figure 1A). It encompasses an area between the towns of Callala Bay (34°59’S 
150°43’E) and Berrara (35°12’S 150°33’E), and covers approximately 500 km2. The 
climate in the region is characterized by mild summers (mean maximum temperature= 
24°C), mild winters (mean maximum temperature=16.5°C), and an annual rainfall of 
~1,000 mm that is distributed evenly throughout the year (Bureau of Meteorology 
2013). 
 
Our study area is dominated by native forests of the genus Eucalyptus. Natural 
vegetation and wetlands cover 81.4% of the landscape, followed by urban areas (13.4%) 
and a small percentage of other land uses (e.g. grazing, cropping, mining; 5.3%) (Emery 
2010). We selected this landscape to reduce landscape-scale variation across sites. High 
human population growth and an increasing demand for holiday houses are triggering 
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further clearing of vegetation for urban development (State of New South Wales 2007). 
This land use change is creating urban areas of different housing densities interspersed 
with natural areas such as national parks and reserves. 
 
 
Figure 1. (A) Study area and sites of mammal surveys in south-eastern Australia. (B) 
Diagram of the station placement for camera trapping in study sites. At each of the high 
and low housing density edge a station was established at -300 m, -100 m, 0 m, +100 m, 
and +300 m from the urban boundary. Control sites included camera stations at 0 m, 
+100 m, and +300 m from a random point (“a”) further than 500 m away from other 
land use. Arrows indicate the urban boundary.  
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Site selection 
To study the effect of both housing density at the urban-forest edge and distance to the 
urban boundary on ground-dwelling mammals, we selected 18 sites: six urban-forest 
edges with high housing density, six urban-forest edges with low housing density and 
six forested controls (Figure 1A) (for a study on arboreal marsupials, see Villaseñor et 
al. 2014). To select sites, we first identified urban cover with high and low housing 
densities in a land use shapefile (Emery 2010) in ArcGIS 10 (ESRI). Residential zones 
dominated by single storey houses (average lot size: 0.06 ha) represented high housing 
density, whereas rural residential zones with allotments from 0.2 to 16 ha in size 
represented low housing density. Urban boundaries adjacent to large areas of forest (i.e. 
forest extending beyond 600 m from the urban boundary) were identified as potential 
sites; and a subset of six sites was selected randomly in each housing density (i.e. high 
and low). Six control sites were selected randomly in large forested areas at least 0.5 km 
away from urban or other land uses, but within 8 km of an urban-forest edge site.  
 
Surveys of ground-dwelling mammals 
Between December 2012 and March 2013, we deployed infrared flash cameras at 77 
stations within our 18 sites (Bushnell HD trophy cam, Trailcampro, USA). At each 
urban-forest edge site, we placed one camera at the urban boundary (distance to the 
urban boundary: D = 0 m), two cameras from the urban boundary into urban interior (D 
= -100 m, -300 m), and two cameras from the urban boundary into forest interior (D = 
+100 m, +300 m) (Figure 1B). At each control site (>0.5 km from an urban boundary or 
other land use), we established three cameras with the same spacing as those located 
from the urban boundary into forest (D = a + 0 m, D = a + 100 m, D = a + 300 m, 
where a was a random point in each control site) (Figure 1B). The distance to the 
closest urban boundary for each camera in control sites was calculated using ArcGIS 10 
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(mean nearest distance from an urban boundary ± se = 1470 m ± 217 m). Due to a 
resident’s concern about privacy issues, we were unable to install one camera in the 
high housing density treatment (D = -100 m). 
 
A common limitation in camera trap studies is reduced species identification due 
to poor background contrast (with infrared flash) and a small proportion of images 
capturing the full profile of the animal when cameras aim horizontally (Smith and 
Coulson 2012). We overcame these limitations by mounting each camera vertically 
(facing downwards) (De Bondi et al. 2010) at approximately 1.4 m above the ground 
against a contrasting 30 cm x 30 cm wooden platform marked with a measuring scale to 
aid in species identification (Figure 2). 
 
We lured animals within the camera’s field of view using a bait station 
comprised of an 84 mm length of PVC pipe (50 mm diameter with stainless steel mesh 
incorporated, sealed at the top). Bait was placed inside each pipe that was sealed with a 
balloon at the open end and mounted flush on the wood platform (Figure 2). Two bait 
types were used at each camera to increase the likelihood of detecting both herbivores 
and carnivores. A bait comprising peanut butter, rolled oats and fennel seeds (Pereoglou 
et al. 2013) was used for the first three days and then replaced with bait of canned fish 
and rolled oats which remained in place for a further three days. That is, each camera 
remained at a station for six consecutive days with the camera activated for 24 hours a 
day. 
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Figure 2. Vertically-oriented cameras in (A) an urban area with high housing density 
and (B) a forested control. Cameras were aiming to a bait station on the ground, that 
included a bait inside a PVC pipe with a metal mesh incorporated, mounted on a woody 
platform with a scaled reference to aid in species identification. 
 
Once triggered by movement, a camera took three consecutive pictures and then 
waited for 10 s before recording the next event. To avoid overexposed flash photos, we 
set the infrared LED flash to “low” and covered all LED lights but the two middle ones 
with a white masking tape (three rows of masking tape were pasted over the LED flash). 
Mammals recorded were identified from file images at the species level, or genus when 
a species was not entirely clear, using reference books (Van Dyck and Strahan 2008; 
Menkhorst and Knight 2010). Species identification was cross-checked by an individual 
with extensive mammal trapping experience in the study area (C. MacGregor, The 
Australian National University).  
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Habitat surveys 
At each camera station (n=77), we measured habitat structure using the point-intercept 
method (Floyd and Anderson 1987) along a 50 m transect (50 points) that extended 25 
m either side of the cameras. At each point, spaced at 1 m intervals, we recorded the 
presence/absence of the following variables: grass, litter, bare ground, impervious 
surfaces (e.g. concrete, bitumen, paving), woody debris, understory vegetation 
(excluding grass <1 m tall) and projective foliage of overstory vegetation (ground 
covered by a vertical projection of overstory foliage). The proportion cover of each 
habitat variable was calculated by dividing the total number of intercepts by the total 
number of points (50) on each transect. 
 
Data analyses 
For each mammal detected in at least five camera stations, we examined separately the 
effects of both edge and habitat variables on the occurrence of individual mammal 
species at each camera station (n=77) and then examined the effect of edge variables 
after accounting for the effects of habitat variables on each mammal species. We did 
this by performing model selection on three different candidate sets of Generalized 
Linear Models (GLMs) that represented (1) edge effects, (2) habitat effects and (3) edge 
effects after accounting for habitat effects. After model selection, (4) significant 
explanatory variables from the best models selected from steps 1-3 were fitted using 
Generalized Linear Mixed Models (GLMMs) to interpret variable coefficients and 
standard errors while accounting for the random effect of site (n=18). As some of the 
candidate models were unable to be fit with GLMMs due to insufficient data, we 
performed the model selection via GLMs (see Bates 2010). Since we are ignoring the 
spatial dependence at the site level, we expect to identify terms which might be 
rendered unimportant when we take the spatial dependence into account using GLMMs.  
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First, we modeled edge effects by exploring the relationship between housing 
density and distance to the urban boundary on the occurrence of each species by fitting 
Generalized Linear Models (GLMs) with a binomial distribution and logit link function. 
To facilitate the interpretation of the results, we scaled distance to the urban boundary 
by dividing by 100 m. Edge effects models included the effect of housing density (three 
levels: high housing density, low housing density and forested control) and distance to 
the urban boundary (in isolation, as an additive term or as an interaction term). 
Interactions were explored to determine whether distance (length) of the edge effect 
varied with different housing densities. We fitted linear and quadratic effects of 
distance, which allowed different functional forms of the effect of distance to the urban 
boundary (Fonderflick et al. 2013). Thus, a set of nine candidate models was 
constructed for each species (Supporting Information Table S1A). 
 
Second, we summarized variation in habitat structure among camera stations 
(i.e. proportion cover of grass, litter, bare ground, impervious surfaces, woody debris 
and projective foliage of overstory vegetation) with metric multidimensional scaling 
(MDS). Thus, we created a pairwise Euclidean distance matrix that represented 
dissimilarities between camera stations and used metric MDS to find the best-fitting 
two-dimensional representation for these (Mardia 1978). We then built a set of seven 
candidate GLMs for each species, which included the isolated and additive effect of the 
two axes from the MDS (as a summary of habitat structure) and the proportion cover of 
understory (Supporting Information Table S1B). The latter variable is often a strong 
predictor of the occurrence of several ground-dwelling animals (Catling and Burt 1995; 
Tomasevic and Estades 2008; Van Dyck and Strahan 2008). 
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Third, to test the effect of edge variables in predicting species occurrence after 
accounting for habitat effects, we built a habitat plus edge model set. To do this, each of 
the nine edge GLMs from step one (Supporting Information Table S1A) was added to 
the best habitat model predicting each species occurrence selected in step two 
(Supporting Information Table S1B). By combining models in this way, we were able 
to infer the extent to which edge effects on each species occurrence were explained by 
habitat effects (Smith et al. 2009). 
 
We selected the ‘best’ GLM from each candidate set (i.e. edge, habitat and 
habitat plus edge) using Bayesian Information Criterion (BIC) (Raftery 1995). Similar 
to Akaike’s Information Criterion (AIC), models with lower BIC values are better 
supported by the data. We preferred BIC over AIC corrected by small sample size 
(AICc) because a model selection using AICc selected over-parameterized models (i.e. 
models containing parameters for which our data had little support). For each species, 
we looked for evidence in support of differences between the best models and a null 
model that represented the null hypothesis. We interpreted differences in BIC between 
models of 0-2 as weak, 2-6 as positive, 6-10 as strong and >10 as very strong (Raftery 
1995). 
 
Finally, using predictive variables from our ‘best’ models for each mammal 
species, we predicted the individual effect of each explanatory variable on mammal 
occurrence using GLMMs with binomial family (logit link). Thus, for each of the best 
edge, habitat, and habitat plus edge models, we added site (n=18) as a random effect. 
GLMMs with site as a random effect (i.e. grouping variable) allowed us to account for 
potential spatial autocorrelation because of nesting of camera traps within individual 
sites (three to five camera stations were placed within each site). Therefore, we were 
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able to evaluate the effects of variables of interest (fixed effects) while assuming spatial 
autocorrelation between observations from cameras within the same site (Dormann et 
al. 2007). Five adaptive Gauss-Hermite quadrature points were used to evaluate the 
marginal integral in the fitted GLMMs, which provides a better approximation of the 
integral than the Laplace approximation (Bolker et al. 2009). When data on species 
occurrence had complete separation problems, we fitted models using Firth's penalized-
likelihood logistic regression (Meinhard et al. 2010). 
 
All statistical analyses were performed in R-3.0.1 (R Core Team 2013). We used 
the function cmdscale in the package “stats” for metric MDS, “glmulti” for model 
selection (Calcagno 2013), “lme4” to fit GLMMs (Bates et al. 2014), “logistf” to 
perform Firth's penalized-likelihood logistic regression (Meinhard et al. 2010), and 
“AICcmodavg” to obtain predicted values and standard errors from best models 
(Mazerolle 2013). 
 
Results 
We obtained 4419 images containing animals over 462 camera-trap nights (i.e. 77 
camera stations x 6 nights per camera). Of these, 3990 or 90% of images detected a 
mammal. A total of 3891 or 98% of images containing a mammal was identified to 
species level. We recorded 12 species of mammals comprising 10 ground-dwelling 
mammals and two arboreal mammals (Figure 3, Supporting Information Table S2). 
 
Eight mammal species were detected at ≥ 5 camera stations (Supporting 
Information Table S2). We were able to fit statistical models for five of the eight native 
mammal species recorded (i.e. brown antechinus (Antechinus stuartii), bush rat (Rattus 
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fuscipes), common brushtail possum (Trichosurus vulpecula), black wallaby (Wallabia 
bicolor), and long-nosed bandicoot (Perameles nasuta)) and three of four non-native 
species (i.e. dog (Canis lupus familiaris), cat (Felis catus), and red fox (Vulpes vulpes)). 
For each of these species, we present models of edge effects, habitat effects, and edge 
effects after accounting for habitat effects (Supporting Information Table S3). 
 
Edge effects on mammals 
No edge effect models were better than the null model for the black wallaby, long-
nosed bandicoot and red fox (Table 1A). There was weak support for differences 
between the null model and housing density predicting bush rat occurrence, and the null 
model and distance to the boundary predicting common brushtail possum occurrence 
(ΔBIC<2). Positive support was found for differences between the null model and the 
quadratic effect of distance to the urban boundary for brown antechinus occurrence, and 
the null model and the interaction between housing density and distance to the urban 
boundary for cat occurrence (ΔBIC>2) (Table 1A). There was strong support for 
differences between the null model and the effect of distance to the urban boundary for 
dog occurrence (ΔBIC>6) (Table 1A). 
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Figure 3. Photographs of mammal species recorded using 77 vertically-oriented 
cameras in south-eastern Australia. Native species included (A) brown antechinus, (B) 
bush rats, (C) long-nosed bandicoot, (D) short-beaked echidna, (E) common brushtail 
possum, (F) common ringtail possum, (G) black wallaby, and (H) eastern grey 
kangaroo. Non-native species included (I) house mouse, (J) red fox, (K) cat, and (L) 
dog. 
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Table 1. Effects of (A) edge, (B) habitat and (C) habitat plus edge (i.e. edge effects accounting for habitat effect) on each species occurrence from best 
Generalized Linear Models with binomial distribution and logit link function selected using Bayesian Information Criterion (BIC). Variables included 
in best models: D= distance to the urban boundary; HD= housing density (three levels: high housing density, low housing density, forested control); 
P.und= proportion of understory; MDS.1= first axis of the metric multidimensional scaling from habitat variables. Wx= best model BIC weight, shows 
the relative probability of the model being the best model of the candidate set. ΔBICx-y= Difference in BIC values between models “x” and “y”. Letters 
show support of difference between models: W= weak; P= positive; S= strong; VS= very strong. Parenthesis ( ) indicate support in favour of “y” 
model. Models with highest support (i.e. lowest BIC) are shown in bold for each species. 
 
  
Species occurrence 
Predictor 
type 
 
Brown 
antechinus 
Bush rat 
C. brushtail 
possum 
Black 
wallaby 
Long-nosed 
bandicoot 
Red fox Cat Dog 
Null BICn 96.48 90.39 77.36 59.89 41.36 51.26 55.71 67.5 
(A) 
         Edge Parameters D
2
 HD D D D
2
 D HD+D+HDxD D 
 
BICe 94.22 88.97 76.67 60.32 43.72 51.49 52.77 60.62 
 
We 0.51 0.42 0.38 0.53 0.51 0.5 0.29 0.52 
 
ΔBICe-n -2.26 P -1.42 W -0.69 W 0.43 (W) 2.36 (P) 0.23 (W) -2.94 P -6.88 S 
(B) 
         Habitat Parameters P.und P.und P.und MDS.1 P.und MDS.1 MDS.1 P.und 
 
BICh 88.14 76.59 64.13 60.25 43.18 47.73 42.79 63.03 
 
Wh 0.57 0.69 0.66 0.57 0.41 0.71 0.5 0.44 
 
ΔBICh-n -8.34 S -13.8 VS -13.23 VS 0.36 (W) 1.82 (W) -3.53 P -12.92 VS -4.47 P 
 
ΔBICh-e -6.08 S -12.38 VS -12.54 VS -0.07 W -0.54 W -3.76 P -9.98 S 2.41 (P) 
(C) 
         Habitat +  Parameters P.und+D
2
 P.und+D P.und+D MDS.1+D P.und+D
2
 MDS.1+D
2
 MDS.1+D P.und+D 
edge BIC(h+e) 89.85 80.34 68.4 63.34 46.78 50.24 46.58 62.83 
 
W(h+e) 0.57 0.42 0.44 0.48 0.43 0.55 0.35 0.53 
 ΔBIC(h+e)-h 1.71  (W) 3.75 (P) 4.27 (P) 3.09 (P) 3.6 (P) 2.51 (P) 3.79 (P) -0.2 W 
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Habitat effects on mammals 
The first MDS axis represented a gradient from forests dominated by litter, projective 
foliage cover and woody debris (lower scores), to urban areas with high housing density 
dominated by impervious surfaces and bare ground (higher scores) (Figure 4, 
Supporting Information Table S4-S5). The second MDS axis described a gradient of 
declining grass cover and increasing impervious surfaces and bare ground (Figure 4, 
Supporting Information Table S4-S5). 
 
 
Figure 4. Metric multidimensional scaling of vegetation variables in camera stations. 
First axis shows a gradient from forests to urban areas with high housing density. 
Second axis shows a gradient of decline in grass cover. (▼) High housing density edge; 
(▲) Low housing density edge; () Forested control. Filling of symbols: Black= inside 
forest, Grey= boundary, White= inside urban area. Point size increases with distance 
from the boundary (as in Figure 1B). 
 
Black wallaby and long-nosed bandicoot occurrence were best predicted by the 
null model. The proportion of understory cover at the camera stations was the best 
predictor of brown antechinus, bush rat, common brushtail possum and dog occurrence; 
whereas the first MDS axis (that represented a gradient from forests to urban areas with 
high housing density) was the best predictor of cat and red fox occurrence (Table 1B). 
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The best habitat models provided positive, strong or very strong support when used to 
predict the occurrence of species compared to null models (ΔBIC>3) and when 
compared to the best edge model (ΔBIC>3), except for dog occurrence (Table 1B). 
 
Edge effects after accounting for habitat effects on mammals 
None of the models containing edge effects variables in addition to habitat variables 
was better than the habitat models alone. However, a model for the dog including the 
additive effect of understory cover and distance to the urban boundary had weak 
support (ΔBIC<2) (Table 1C). 
 
Best GLMMs predicting mammal occurrence 
When variables only from the best edge models were fitted with GLMMs, which 
accounted for potential spatial autocorrelation between cameras within the same site, 
edge variables had a significant effect on the occurrence of the bush rat, cat and dog; 
and were marginally significant in models predicting the occurrence of brown 
antechinus and common brushtail possum (Table 2A). When variables from the best 
habitat models were fitted with GLMMs, the effect of habitat variables on mammal 
occurrence was significant for all species (Table 2B). 
 
Finally, when variables from the best habitat plus edge models were fitted with 
GLMMs, the significance of edge variables was removed, whereas the effect of habitat 
variables was significant for all species except the dog (Table 2C). That edge variables 
were no longer significant for the six species in the presence of habitat variables 
suggests some association or collinearity between edge and habitat variables; and 
highlights that habitat variables accounted for all the variability associated with edge 
effects for most species.  
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Table 2. Variable estimates from Generalized Linear Mixed Models (GLMMs) with binomial distribution and logit link function of mammal 
occurrence from (A) edge, (B) habitat and (C) habitat plus edge best models. Variables included in best models: D= distance to the urban boundary; 
HDhigh= high housing density, HDlow= low housing density; P.und= proportion of understory; MDS.1= first axis of the metric multidimensional scaling 
from habitat variables. When HD is included in models, controls were represented by the intercept. Bold denotes P<0.1. 
 
  
(A) Best edge model (B) Best habitat model (C) Best habitat + edge model 
Species Variable Estimate SE P Estimate SE P Estimate SE P 
Brown  Intercept -1.26 0.33 0.0001 -2.38 0.57 <0.0001 -2.38 0.57 <0.0001 
antechinus D
2
 0.0038 0.0023 0.095 
   
0.0026 0.0022 0.23 
  P.und       4.05 1.25 0.001 3.59 1.29 0.005 
Bush rat Intercept -0.24 0.52 0.65 -3.16 0.70 <0.0001 -3.17 0.70 <0.0001 
 
HDhigh -2.46 0.94 0.009 
      
 
HDlow -0.65 0.68 0.34 
      
 
D 
      
0.030 0.040 0.45 
 P.und    5.31 1.45 0.0003 4.99 1.50 0.0009 
C. brushtail  Intercept -1.30 0.33 <0.0001 0.34 0.59 0.57 0.31 0.61 0.61 
possum D -0.16 0.094 0.09 
   
-0.024 0.094 0.8 
  P.und       -9.44 3.05 0.002 -9.03 3.37 0.007 
Red fox Intercept -2.24 0.46 <0.0001 -2.94 0.60 <0.0001 -2.38 0.67 0.0004 
 
D -0.24 0.17 0.16 
      
 
D
2
 
      
-0.07 0.11 0.51 
 MDS.1    2.69 0.99 0.006 2.51 1.06 0.02 
Cat Intercept -2.8
a
 1.57
a
 0.05
a
 -2.9 0.59 <0.0001 -3.13 0.70 <0.0001 
 
HDhigh 1.04
a
 1.71
a
 0.52
a
 
      
 
HDlow -0.63
a
 1.89
a
 0.73
a
 
      
 
D 0.036
a
 0.078
a
 0.63
a
 
   
0.061 0.072 0.40 
 
HDhigh x D -0.96
a
 0.37
a
 0.001
a
 
      
 
HDlow x D -0.036
a
 0.53
a
 0.96
a
 
       MDS.1       3.69 0.99 0.0002 4.16 1.22 0.0006 
Dog Intercept -2.73 0.88 0.002 -0.77 0.99 0.44 -1.55 1.28 0.23 
 
D -0.70 0.27 0.009 
   
-0.51 0.32 0.11 
 P.und       -9.40 4.06 0.02 -5.51 4.34 0.2 
a 
Parameter estimates from Firth penalized logistic regression.  
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 GLMMs revealed that the occurrence of the brown antechinus and bush rat 
increased with increased understory cover (Figure 5A-B). The occurrence of the 
brushtail possum decreased with increased understory cover (Figure 5C). Non-native 
species exhibited the highest occurrences in urban areas and the lowest occurrences in 
forests. The occurrence of the red fox and cat increased from forests to urban areas with 
high housing density (MDS.1 score) and the occurrence of the dog was highest in urban 
interiors and lowest in forest interior (Figure 5D-F).  
 
Given our results, we performed supplementary analyses to investigate whether 
predators influenced the occurrence of prey (Wimp et al. 2011). We evaluated the effect 
of exotic carnivores (i.e. a set of seven models, which were different combinations of 
the presence/absence of fox, cat and dog) on the occurrence of each native species (i.e. 
prey). We also explored the effect of predators after accounting for habitat effects by 
adding each predator model to the best habitat model of each species occurrence. None 
of the models including predators was better than the habitat model (Supporting 
Information Table S6).  
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Figure 5. Estimated probability of occurrence in Generalized Linear Mixed Models 
(GLMMs) from models with highest support for (A) brown antechinus, (B) bush rat, 
(C) common brushtail possum, (D) red fox, (E) cat, and (F) dog. To optimize plot size 
for dog, distance to the boundary was shown up to 300 m into forests. 
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Discussion 
Urbanization is a key process threatening biodiversity globally (McKinney 2006). 
Despite a rapid increase of urban-wildland interfaces (Stein et al. 2012), ecological 
processes across urban-forest edges are poorly understood. For the first time, we tested 
whether the occurrence of mammals across urban-forest edges (including both sides of 
an urban boundary) and forest interiors was best predicted by edge variables or by local 
habitat structure. Edge variables, including housing density at the urban-forest edge and 
distance to the urban boundary, had weak effects on the occurrence of most mammals. 
In contrast, local habitat structure had stronger effects and accounted for most of the 
variation in the occurrence of five of eight mammals studied. Further, the effects of 
housing density and distance to the urban boundary mostly disappeared when 
considered together with habitat effects; indicating that local habitat structure explained 
most of the observed variation in the occurrence of mammals, which included edge 
effects. Our results suggested that conflicting responses by fauna to edge effects 
(Murcia 1995; Ries et al. 2004; Battin and Sisk 2011) can result from weak edge effects 
on animals when relevant factors, such as local habitat attributes, are overlooked. We 
further discuss our results below, update conceptual models of edge effects, and provide 
strategies for ecologically sustainable urban development. 
 
Strong local habitat effects on mammals 
Habitat structure had a greater effect than edge variables on the occurrence of most 
mammals in our study (Tables 1-2). In particular, understory vegetation cover is an 
important variable for ground-dwelling mammals (Catling and Burt 1995; Van Dyck 
and Strahan 2008) and its cover around camera stations was the best predictor for the 
occurrence of most native species. Brown antechinus and bush rat occurrence increased 
with increasing understory cover (Figure 5A-B), revealing that these forest species are 
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sensitive to the reduction of understory. In contrast, the occurrence of the common 
brushtail possum decreased with increasing understory cover (Figure 5C), consistent 
with previous habitat descriptions for this marsupial, such as its tendency to avoid thick 
understory cover (Van Dyck and Strahan 2008). Although the distribution of this 
arboreal marsupial has been reduced across Australia, it is a common species in urban 
settlements (Villaseñor et al. 2014), where it is able to find resources such as shelter and 
food (Eymann et al. 2006). Only the black wallaby and long-nosed bandicoot were 
poorly predicted by habitat variables (Table 1), possibly as a result of their limited 
detection at our camera stations. 
 
Non-native species occurrences were higher in urban areas than in forests 
(Figure 5D-F). According to the best habitat structure models that included MDS.1, the 
occurrence of the red fox and cat was lowest in forests and highest in residential areas 
with high housing density. Suburbs provide food, shelter and protection from lethal 
control (i.e. poisoning) for the red fox (Saunders et al. 2010). Other authors have found 
that pet activity (i.e. cats and dogs) (Fandos et al. 2012) and the occurrence of 
mesopredators (Červinka et al. 2011) decline from the forest edge towards the forest 
interior. However, the spillover of carnivores from urban areas into adjacent forests 
appeared to be limited in our study area. 
 
Weak edge effects on mammals 
Previous research shows that the distribution of animals in mosaic landscapes is 
influenced by their response to habitat edges (Lidicker 1999; Ries et al. 2004). 
However, there is considerable disagreement about the existence, intensity and type of 
response to edges (Murcia 1995; Ewers and Didham 2008; Battin and Sisk 2011). For 
instance, none of 16 ground-dwelling mammals in North America exhibited different 
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abundance or activity at forest-farm edges when compared to forest interior (Heske 
1995); whereas other studies have found small mammal abundance to be either highest 
(Šálek et al. 2010) or lowest at edges (Mills 1995; Stevens and Husband 1998). 
Although distance to the urban boundary was more important than housing density at 
the edge in predicting the occurrence of most mammals in our study, these variables 
mostly had weak effects (Table 1). The findings of our study suggest that inconsistent 
results in the literature on edge effects can be a consequence of spurious relationships 
more likely to be found when key variables influencing species responses are 
overlooked (Watt and van den Berg 2002). For instance, species response to edges can 
be a result of bottom-up effects (e.g. food abundance; Mills 1995; Šálek et al. 2010), as 
well as top-down effects (e.g. predator abundance; Wimp et al. 2011). Further, 
confounding or interacting variables may change the magnitude, penetration or 
direction of edge effects (Ries et al. 2004; Ewers and Didham 2006; Smith et al. 2009). 
The discovery of strong effects of local habitat structure on most mammal occurrences 
(Tables 1-2) shows that variables other than edge types and distance to a boundary can 
underlie species occurrences across habitat edges. 
 
Updating conceptual models for edge effects 
Conceptual models of animal response across edges were developed at a patch level for 
simplicity, assuming homogeneity within patches on either side of the edge (Figure 6A). 
Two main explanatory variables are present in these models: edge type and distance to a 
boundary. Edge type focuses on dissimilarities between two adjacent patches in terms 
of different criteria: habitat quality, animal-habitat associations (Duelli et al. 1990), 
qualitative resource distribution (Ries and Sisk 2004) or abundances of predator and 
prey (Lidicker 1999). To predict species responses across edges, a recent predictive 
model by Villaseñor et al. (2014) integrated: (1) habitat quality and preference, (2) 
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species response with the proximity to the adjacent habitat, and (3) modifying 
mechanisms which are associated with the species and environments involved (e.g. 
access, population dynamics). Although these edge effects models provide useful 
insights enabling better understanding of animal responses across edges, they ignore the 
effects of heterogeneity within patches. 
 
 
Figure 6. Representation of the mismatch in spatial scale (grain) between predictive 
variables in models of edge effects and modifying and underlying factors influencing a 
species response. (A) Graph shows a theoretical negative animal response (dashed line) 
with the proximity to the non-preferred or lower quality habitat (as described in 
Villaseñor et al. (2014)). (B) Diagram shows the spatial heterogeneity of a covariate 
(rectangles; e.g. understory cover) within patches. A negative animal response with the 
proximity to a boundary may be a result of a negative effect of the boundary on the 
covariate; but the covariate also can vary independently to the boundary, explaining 
additional variation. In the diagram, the covariate (e.g. understory cover) is the main 
underlying factor influencing the animal response across the edge. (*) Variables used to 
build diagrams.  
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Patches and the surrounding matrix are not homogenous (Brearley et al. 2011; 
Driscoll et al. 2013) and this spatial heterogeneity influences populations (Ye et al. 
2013) (Figure 6B). Therefore, variables at a higher spatial resolution (i.e. fine grain), 
such as local-scale attributes within patches, can have an important effect on the 
response of species across edges. This influence of local-scale variables on species 
across edges can scale-up and influence populations at landscape and regional scales 
(Goddard et al. 2010). Local-scale variables that are worth considering when predicting 
edge effects on animals may include: resource distribution and abundance (e.g. prey or 
host species abundance; Donovan et al. 1997; Ries et al. 2004), habitat gradients (e.g. 
habitat structure, abiotic gradients; Laurance 1991; Ries et al. 2004; Harper et al. 2005) 
and local-scale species interactions (e.g. competitor and predator abundance; Donovan 
et al. 1997; Villaseñor et al. 2013). Further integration of local-scale variables along 
with target species traits in relation to the environment on either side of an edge (see 
Villaseñor et al. 2014) and variables at a landscape scale (Donovan et al. 1997; Šálek et 
al. 2014) are needed when predicting animal responses across habitat edges and 
landscapes (Figure 6B). 
 
Implications for management and urban planning 
A better understanding of which landscape elements influence animal response across 
habitat edges is needed for effective conservation and urban planning. If edge variables 
have a greater influence on animals than local habitat structure, local management such 
as restoration will have a limited effect on animals, whereas the design and planning of 
urban areas will have major effects. We found edge effects on most mammals, but they 
were largely accounted for by local habitat structure (except for the dog). These results 
suggest that local-scale management of habitat can have an important effect on 
regulating mammal populations: both predators and prey. In particular, management 
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strategies that increase understory cover are likely to have a positive effect on native 
species and can be used to counteract the negative effects of edges on ground-dwelling 
mammals. 
 
Given the key management implications of our work, a question that arises is: 
How can habitat structure be improved for native fauna in urbanizing landscapes? The 
retention of native vegetation at the planning stage; restoration strategies (e.g. tree and 
shrub planting, direct seeding, encouraging understory development) (Catling and Burt 
1995); along with reducing the management of urban vegetation (e.g. mowing, pruning 
and felling) in public spaces will likely increase suitable habitat for wildlife (Do et al. 
2014). Unfortunately, in fire-prone regions, fire management of the vegetation (e.g. 
prescribed burning, clearing, slashing) to reduce fuel availability in an attempt to protect 
assets and residents (Radeloff et al. 2005; Mell et al. 2010) conflicts with the positive 
effects of increased vegetation cover on biodiversity (Driscoll et al. 2010; Reed et al. 
2012; Le Roux et al. 2014). 
 
Because urban settlements are dominated by private lands with numerous 
households (Groffman et al. 2014), management strategies must involve residents and 
property owners. For example, private gardens managed for wildlife can provide habitat 
for many species (Gaston et al. 2005; Goddard et al. 2010). Therefore, engaging people 
to provide habitat for wildlife will help mitigate the impacts of urbanization on 
biodiversity and meet conservation goals. 
 
It is important to consider additional factors that can influence the outcomes of 
improved habitat structure on mammals. Although supplementary analyses confirmed 
that habitat had a stronger effect than ground-dwelling predators on prey; the red fox, 
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cat and dog can nevertheless significantly affect native populations (Van Dyck and 
Strahan 2008; Paschoal et al. 2012). Because these predators are common in urban 
settlements (Van Dyck and Strahan 2008), future research needs to evaluate their effect 
on the outcomes of improved habitat structure for native fauna in urban areas. 
 
Despite habitat structure being the main factor influencing mammal occurrences, 
the confounded effects of edge (e.g. distance to an urban boundary) and habitat 
variables reveal that urban boundaries influence mammal distributions by modifying the 
habitat structure across urban-forest edges. We did not find strong edge effects on 
native mammals, but edge effects on core area species may extend long distances from 
urban development into adjacent habitats (Villaseñor et al. 2014). Therefore, to reduce 
the effect of urban boundaries on adjacent habitats, it would be appropriate to decrease 
the amount of edges as part of urban development. Prioritizing clustered developments 
instead of dispersed developments might help to reduce the amount of natural habitat 
that is influenced by edge effects, helping to retain a larger amount of native vegetation 
at the landscape scale (Sushinsky et al. 2013; Aronson et al. 2014). 
 
Our results suggest that improved habitat structure can ameliorate edge effects 
and urban impacts. Programs that aim to mitigate the impacts of urban development on 
wildlife must consider: (1) improving habitat structure in public and private spaces; (2) 
engaging residents and property owners in education programs; and (3) reducing forest-
urban edges when planning new urban areas. By considering these elements, residents, 
managers and land planners will help conserve biodiversity in an increasingly 
urbanizing world.  
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Approach and limitations 
Our experimental design comprising mammal and habitat surveys along transects from 
forests to urban areas, allowed us to explore the effects of edge, habitat and habitat plus 
edge variables on mammal occurrence. We used GLMMs to estimate fixed effects 
while accounting for potential autocorrelation between cameras located within 
individual transects (i.e. sites). Vertically-oriented cameras aiming at a platform on the 
ground was an effective technique to record a wide variety of mammals without the loss 
of equipment (to avoid vandalism, cameras were secured with metal boxes, metal 
brackets and locks). Although camera trapping can be more cost-effective than live 
trapping for recording mammal occurrence (De Bondi et al. 2010), cameras do not 
provide accurate estimations of species abundance when animals lack marks (Foster and 
Harmsen 2012) nor enable correct identification of morphologically similar species. 
Overall, vertically-oriented cameras are not only a cost-effective technique for 
monitoring several mammals at long temporal and large spatial scales (De Bondi et al. 
2010), but they also can be employed to collect empirical evidence and test hypotheses 
that inform ecologically sustainable urban development. 
 
Conclusion 
Our study is the first to test the variables that best predict mammal occurrence at both 
sides of an urban boundary. Our results demonstrate that local habitat structure (e.g. 
understory cover) had strong effects on mammal occurrences and outweighed the 
effects of edge variables (i.e. housing density at the edge and distance to an urban 
boundary). These findings have important implications for management, urban planning 
and landscape ecology theory. This is because they: 
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(1) provide support for a local-scale management of habitat and habitat retention 
as useful strategies to counteract the impacts of urban development on terrestrial 
fauna, and; 
(2) highlight the need to consider heterogeneity within patches as a key variable 
influencing species responses in edge effects frameworks. 
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Supporting Information 
 
Table S1. Model candidates for testing (A) edge effects and (B) habitat effects on the 
occurrence of mammals in south-eastern Australia. The edge candidate set included 
nine models built with two variables: housing density (HD) and distance to the urban 
boundary (D). The habitat candidate set included seven models built with three 
variables: the proportion of understory (P. und), and camera station scores from first 
and second axis of the metric multidimensional scaling from habitat variables (MDS.1 
and MDS.2, respectively). All candidate models included intercept. 
 
 
Models 
(A) Edge effects HD 
 
D 
 
D
2
 
 
D + D
2
 
 
HD + D 
 
HD + D + HDxD 
 
HD + D
2
 
 
HD + D
2 
+ HDxD
2
 
 
HD + D + D
2
 
(B) Habitat effects P. und 
 
MDS.1 
 
MDS.2 
 
P.und + MDS.1 
 
P.und + MDS.2 
 
MDS.1 + MDS.2 
 
P.und + MDS.1 + MDS.2 
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Table S2. Summary of mammal species recorded using 77 camera stations in south-
eastern Australia. 
 
Common name Scientific name Origin Dwelling 
Number of 
stations with 
presence 
brown antechinus Antechinus stuartii Native Ground 22 
bush rat  Rattus fuscipes Native Ground 19 
long-nosed bandicoot Perameles nasuta Native Ground 5 
short-beaked echidna Tachyglossus aculeatus Native Ground 3 
black wallaby Wallabia bicolor Native Ground 9 
eastern grey kangaroo Macropus giganteus Native Ground 4 
common brushtail possum  Trichosurus vulpecula Native Arboreal 14 
common ringtail possum Pseudocheirus peregrinus Native Arboreal 1 
house mouse Mus musculus Non-native Ground 2 
red fox Vulpes vulpes Non-native Ground 7 
dog Canis lupus familiaris Non-native Ground 11 
cat Felis catus Non-native Ground 8 
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Table S3. Model selection using Bayesian Information Criterion (BIC) on Generalized 
Linear Models with binomial distribution and logit link function describing each species 
occurrence for each candidate set (edge, habitat and habitat plus edge). Variables 
included in models: HD= housing density; D= distance to the urban boundary; P.und= 
proportion of understory; MDS.1= first axis of the metric multidimensional scaling 
from habitat variables; MDS.2= second axis of the metric multidimensional scaling 
from habitat variables; a= variable from best habitat model. All models included 
intercept. Rank shows model candidates sorted from the lowest BIC (higher support) to 
the highest BIC (lower support). Weights show the relative probability of the model 
being the best model of the candidate set. 
 
Candidate set Response Rank Model BIC Weights 
Edge Brown antechinus 1 ~ D
2
 94.22 0.51 
  
2 ~ D 95.01 0.34 
  
3 ~ D + D
2
 98.53 0.06 
  
4 ~ HD + D 99.15 0.04 
  
5 ~ HD + D
2
 100.50 0.02 
  
6 ~ HD 101.94 0.01 
  
7 ~ HD + D + HDxD 103.26 0.01 
  
8 ~ HD + D + D
2
 103.49 0.00 
 
  9 ~ HD + D
2
 + HDxD
2
 107.81 0.00 
 
Bush rat 1 ~ HD 88.97 0.42 
  
2 ~ D 89.78 0.28 
  
3 ~ D
2
 91.66 0.11 
  
4 ~ HD + D 92.53 0.07 
  
5 ~ HD + D
2
 92.83 0.06 
  
6 ~ D + D
2
 93.67 0.04 
  
7 ~ HD + D + D
2
 96.71 0.01 
  
8 ~ HD + D + HDxD 98.51 0.00 
 
  9 ~ HD + D
2
 + HDxD
2
 100.31 0.00 
 
C. brushtail possum 1 ~ D 76.67 0.38 
  
2 ~ HD + D 77.15 0.30 
  
3 ~ HD + D + D
2
 79.75 0.08 
  
4 ~ D + D
2
 79.90 0.08 
  
5 ~ D
2
 80.08 0.07 
  
6 ~ HD + D + HDxD 80.71 0.05 
  
7 ~ HD 81.02 0.04 
  
8 ~ HD + D
2
 84.59 0.01 
 
  9 ~ HD + D
2
 + HDxD
2
 92.44 0.00 
 
Bandicoot 1 ~ D
2
 43.72 0.50 
  
2 ~ D 44.31 0.38 
  
3 ~ D + D
2
 47.85 0.06 
  
4 ~ HD 48.91 0.04 
  
5 ~ HD + D
2
 52.01 0.01 
  
6 ~ HD + D 52.60 0.01 
  
7 ~ HD + D
2
 + HDxD
2
 55.13 0.00 
  
8 ~ HD + D + D
2
 55.46 0.00 
 
  9 ~ HD + D + HDxD 57.46 0.00 
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Candidate set Response Rank Model BIC Weights 
 
Black wallaby 1 ~ D 60.32 0.53 
  
2 ~ D
2
 62.39 0.19 
  
3 ~ D + D
2
 62.91 0.15 
  
4 ~ HD 63.55 0.11 
  
5 ~ HD + D 67.71 0.01 
  
6 ~ HD + D
2
 67.85 0.01 
  
7 ~ HD + D + D
2
 71.56 0.00 
  
8 ~ HD + D
2
 + HDxD
2
 71.69 0.00 
 
  9 ~ HD + D + HDxD 76.23 0.00 
 
Fox 1 ~ D 51.48 0.50 
  
2 ~ D
2
 52.14 0.36 
  
3 ~ D + D
2
 55.47 0.07 
  
4 ~ HD 55.81 0.06 
  
5 ~ HD + D 59.46 0.01 
  
6 ~ HD + D
2
 60.15 0.01 
  
7 ~ HD + D + D
2
 63.78 0.00 
  
8 ~ HD + D + HDxD 64.07 0.00 
 
  9 ~ HD + D
2
 + HDxD
2
 68.52 0.00 
 
Cat 1 ~ HD + D + HDxD 52.77 0.29 
  
2 ~ HD 52.81 0.28 
  
3 ~ HD + D 53.74 0.18 
  
4 ~ HD + D + D
2
 53.93 0.16 
  
5 ~ HD + D
2
 57.15 0.03 
  
6 ~ D 57.42 0.03 
  
7 ~ D + D
2
 59.24 0.01 
  
8 ~ D
2
 59.78 0.01 
 
  9 ~ HD + D
2
 + HDxD
2
 62.12 0.00 
 
Dog 1 ~ D 60.62 0.52 
  
2 ~ HD + D 62.30 0.23 
  
3 ~ HD 63.65 0.11 
  
4 ~ D + D
2
 64.96 0.06 
  
5 ~ HD + D + D
2
 66.30 0.03 
  
6 ~ HD + D
2
 66.94 0.02 
  
7 ~ D
2
 67.09 0.02 
  
8 ~ HD + D + HDxD 70.74 0.00 
    9 ~ HD + D
2
 + HDxD
2
 75.61 0.00 
Habitat Brown antechinus 1 ~ P.und 88.14 0.57 
  
2 ~ MDS.1 + P.und 90.90 0.14 
  
3 ~ MDS.2 + P.und 91.19 0.12 
  
4 ~ MDS.1 + MDS.2 + P.und 92.68 0.06 
  
5 ~ MDS.1 + MDS.2 92.73 0.06 
  
6 ~ MDS.1 93.46 0.04 
 
  7 ~ MDS.2 97.36 0.01 
 
Bush rat 1 ~ P.und 76.59 0.69 
  
2 ~ MDS.2 + P.und 79.32 0.18 
  
3 ~ MDS.1 + P.und 80.31 0.11 
  
4 ~ MDS.1 + MDS.2 + P.und 83.47 0.02 
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Candidate set Response Rank Model BIC Weights 
  
5 ~ MDS.1 88.17 0.00 
  
6 ~ MDS.1 + MDS.2 92.51 0.00 
 
  7 ~ MDS.2 94.70 0.00 
 
C. brushtail possum 1 ~ P.und 64.13 0.66 
  
2 ~ MDS.1 + P.und 66.94 0.16 
  
3 ~ MDS.2 + P.und 68.43 0.08 
  
4 ~ MDS.1 68.67 0.07 
  
5 ~ MDS.1 + MDS.2 + P.und 71.21 0.02 
  
6 ~ MDS.1 + MDS.2 72.30 0.01 
 
  7 ~ MDS.2 80.72 0.00 
 
Bandicoot 1 ~ P.und 43.18 0.41 
  
2 ~ MDS.1 + P.und 44.15 0.25 
  
3 ~ MDS.1 45.45 0.13 
  
4 ~ MDS.2 45.66 0.12 
  
5 ~ MDS.2 + P.und 47.50 0.05 
  
6 ~ MDS.1 + MDS.2 + P.und 48.19 0.03 
 
  7 ~ MDS.1 + MDS.2 49.75 0.02 
 
Black wallaby 1 ~ MDS.1 60.25 0.57 
  
2 ~ P.und 62.99 0.15 
  
3 ~ MDS.2 63.64 0.10 
  
4 ~ MDS.1 + MDS.2 64.36 0.07 
  
5 ~ MDS.1 + P.und 64.48 0.07 
  
6 ~ MDS.2 + P.und 66.35 0.03 
 
  7 ~ MDS.1 + MDS.2 + P.und 68.52 0.01 
 
Fox 1 ~ MDS.1 47.73 0.71 
  
2 ~ MDS.1 + MDS.2 51.41 0.11 
  
3 ~ MDS.1 + P.und 51.90 0.09 
  
4 ~ P.und 53.23 0.05 
  
5 ~ MDS.2 55.31 0.02 
  
6 ~ MDS.1 + MDS.2 + P.und 55.72 0.01 
 
  7 ~ MDS.2 + P.und 56.63 0.01 
 
Cat 1 ~ MDS.1 42.78 0.50 
  
2 ~ P.und 44.53 0.21 
  
3 ~ MDS.1 + P.und 45.26 0.14 
  
4 ~ MDS.1 + MDS.2 46.03 0.10 
  
5 ~ MDS.2 + P.und 48.36 0.03 
  
6 ~ MDS.1 + MDS.2 + P.und 48.98 0.02 
 
  7 ~ MDS.2 58.63 0.00 
 
Dog 1 ~ P.und 63.03 0.44 
  
2 ~ MDS.1 64.69 0.19 
  
3 ~ MDS.2 + P.und 65.46 0.13 
  
4 ~ MDS.1 + MDS.2 65.95 0.10 
  
5 ~ MDS.1 + P.und 66.27 0.09 
  
6 ~ MDS.1 + MDS.2 + P.und 68.47 0.03 
    7 ~ MDS.2 68.69 0.03 
Habitat + 
edge Brown antechinus 1 ~ a + D
2
 89.85 0.57 
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Candidate set Response Rank Model BIC Weights 
  
2 ~ a + D 91.04 0.31 
  
3 ~ a + D + D
2
 93.78 0.08 
  
4 ~ a + HD 96.66 0.02 
  
5 ~ a + HD + D
2
 97.96 0.01 
  
6 ~ a + HD + D 98.68 0.01 
  
7 ~ a + HD + D + HDxD 102.11 0.00 
  
8 ~ a + HD + D + D
2
 102.30 0.00 
 
  9 ~ a + HD + D
2
 + HDxD
2
 104.96 0.00 
 
Bush rat 1 ~ a + D 80.34 0.42 
  
2 ~ a + D
2
 80.72 0.35 
  
3 ~ a + HD 82.61 0.14 
  
4 ~ a + D + D
2
 84.36 0.06 
  
5 ~ a + HD + D 86.74 0.02 
  
6 ~ a + HD + D
2
 86.86 0.02 
  
7 ~ a + HD + D + D
2
 90.94 0.00 
  
8 ~ a + HD + D + HDxD 94.78 0.00 
 
  9 ~ a + HD + D
2
 + HDxD
2
 94.98 0.00 
 
C. brushtail possum 1 ~ a + D 68.40 0.44 
  
2 ~ a + D
2
 68.48 0.42 
  
3 ~ a + HD 72.51 0.06 
  
4 ~ a + D + D
2
 72.56 0.05 
  
5 ~ a + HD + D 74.08 0.03 
  
6 ~ a + HD + D
2
 76.52 0.01 
  
7 ~ a + HD + D + D
2
 78.11 0.00 
  
8 ~ a + HD + D + HDxD 81.75 0.00 
 
  9 ~ a + HD + D
2
 + HDxD
2
 84.18 0.00 
 
Bandicoot 1 ~ a + D
2
 46.78 0.43 
  
2 ~ a + D 47.18 0.35 
  
3 ~ a + HD 49.48 0.11 
  
4 ~ a + D + D
2
 50.45 0.07 
  
5 ~ a + HD + D
2
 53.64 0.01 
  
6 ~ a + HD + D 53.82 0.01 
  
7 ~ a + HD + D + HDxD 54.17 0.01 
  
8 ~ a + HD + D + D
2
 54.80 0.01 
 
  9 ~ a + HD + D
2
 + HDxD
2
 57.82 0.00 
 
Black wallaby 1 ~ a + D 63.34 0.48 
  
2 ~ a + D
2
 64.13 0.32 
  
3 ~ a + D + D
2
 66.68 0.09 
  
4 ~ a + HD 66.75 0.09 
  
5 ~ a + HD + D 71.07 0.01 
  
6 ~ a + HD + D
2
 71.09 0.01 
  
7 ~ a + HD + D
2
 + HDxD
2
 75.13 0.00 
  
8 ~ a + HD + D + D
2
 75.26 0.00 
 
  9 ~ a + HD + D + HDxD 79.29 0.00 
 
Fox 1 ~ a + D
2
 50.24 0.55 
  
2 ~ a + D 51.80 0.25 
  
3 ~ a + D + D
2
 53.71 0.10 
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Candidate set Response Rank Model BIC Weights 
  
4 ~ a + HD 54.21 0.07 
  
5 ~ a + HD + D 57.13 0.02 
  
6 ~ a + HD + D
2
 58.14 0.01 
  
7 ~ a + HD + D + D
2
 61.10 0.00 
  
8 ~ a + HD + D + HDxD 65.68 0.00 
 
  9 ~ a + HD + D
2
 + HDxD
2
 66.81 0.00 
 
Cat 1 ~ a + D 46.58 0.35 
  
2 ~ a + D
2
 46.82 0.31 
  
3 ~ a + HD 47.30 0.24 
  
4 ~ a + D + D
2
 50.83 0.04 
  
5 ~ a + HD + D 51.63 0.03 
  
6 ~ a + HD + D
2
 51.64 0.03 
  
7 ~ a + HD + D + D
2
 55.74 0.00 
  
8 ~ a + HD + D + HDxD 57.11 0.00 
 
  9 ~ a + HD + D
2
 + HDxD
2
 58.80 0.00 
 
Dog 1 ~ a + D 62.83 0.53 
  
2 ~ a + D
2
 64.89 0.19 
  
3 ~ a + HD 66.32 0.09 
  
4 ~ a + HD + D 66.40 0.09 
  
5 ~ a + D + D
2
 67.18 0.06 
  
6 ~ a + HD + D
2
 69.25 0.02 
  
7 ~ a + HD + D + D
2
 70.54 0.01 
  
8 ~ a + HD + D + HDxD 74.85 0.00 
    9 ~ a + HD + D
2
 + HDxD
2
 77.91 0.00 
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Table S4. Summary statistics for each recorded variable by sampling location. (A) Proportion of camera stations where each individual species 
analyzed was recorded. (B) Mean (± SE) proportion cover of seven habitat variables measured at camera stations. (C) Mean (± SE) values of metric 
multidimensional scaling (MDS) calculated from measured habitat variables (see Methods). Distance to the urban boundary (m): negative distances 
represent sampling locations inside urban areas whereas positive distances represent sampling locations inside forest. MDS.1= first axis of the MDS. 
MDS.2= second axis of the MDS. 
 
 
Distance to the urban boundary (m) Control 
Variables: -300 -100 0 100 300  
(A) Proportion of camera stations with records for: 
- brown antechinus 0.17 0.09 0.25 0.42 0.33 0.39 
- bush rat  0.17 0 0.17 0.25 0.33 0.44 
- long-nosed bandicoot 0.17 0 0 0 0.08 0.11 
- black wallaby 0 0 0.17 0.17 0 0.28 
- c. brushtail possum  0.5 0.18 0.33 0 0 0.11 
- red fox 0.17 0.09 0.25 0 0.08 0 
- dog 0.42 0.18 0.17 0.08 0.08 0 
- cat 0.42 0.09 0 0.08 0 0.06 
(B) Mean (±SE) proportion cover of habitat variables: 
- bare ground 0.08±0.02 0.06±0.01 0.08±0.03 0.02±0.01 0±0 0.01±0 
- litter 0.5±0.14 0.61±0.11 0.84±0.04 0.96±0.02 0.99±0.01 0.99±0 
- woody debris 0.02±0.01 0.02±0.01 0.04±0.01 0.07±0.02 0.08±0.01 0.13±0.02 
- grass 0.73±0.04 0.69±0.06 0.67±0.05 0.82±0.04 0.86±0.03 0.59±0.05 
- impervious surfaces 0.06±0.02 0.08±0.04 0.03±0.02 0±0 0±0 0±0 
- understory 0.14±0.05 0.15±0.04 0.21±0.04 0.42±0.07 0.5±0.07 0.42±0.05 
- projective foliage of overstory 0.3±0.08 0.42±0.08 0.57±0.05 0.69±0.04 0.64±0.04 0.76±0.03 
(C) Mean (±SE) values of MDS: 
- MDS.1 0.44±0.14 0.28±0.12 0.01±0.05 -0.17±0.03 -0.16±0.02 -0.25±0.02 
- MDS.2 -0.01±0.06 0.04±0.06 0.04±0.06 -0.1±0.04 -0.16±0.03 0.13±0.05 
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Table S5. Correlations between metric multidimensional scaling (MDS) axes and each 
vegetation variable. MDS.1= first axis from metric MDS; MDS.2= second axis from 
metric MDS. Correlations >0.5 are shown in bold. 
 
Vegetation variable MDS.1 MDS.2 
Proportion cover of:   
   litter -0.95 -0.19 
   grass 0.1 -0.93 
   woody debris -0.51 0.02 
   bare ground 0.51 0.33 
   impervious surfaces 0.6 0.39 
   projective foliage -0.85 0.29 
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Table S6. Effect of (A) predators and (B) habitat plus predators (i.e. predator effect accounting for habitat effect) on each species occurrence from best 
Generalized Linear Models with binomial distribution and logit link function selected using Bayesian Information Criterion (BIC). Variables included 
in best models: P.cat= cat occurrence, P.dog= dog occurrence, P.fox=fox occurrence; P.und= proportion of understory; MDS.1= first axis of the metric 
multidimensional scaling from habitat variables. Wx= best model BIC weight, shows the relative probability of the model being the best model of the 
candidate set. ΔBICx-y= Difference in BIC values between models “x” and “y”. Letters show support of difference between models: W= weak; P= 
positive; S= strong; VS= very strong. Parenthesis ( ) indicate support in favor of “y” model. No model was better than the habitat best model 
(differences in BIC are shown in bold). 
 
  
Species occurrence 
Predictor type Brown antechinus Bush rat C. brushtail possum Black wallaby Long-nosed bandicoot 
(A) Predators      
 Parameters P.cat P.dog P.dog P.cat P.fox 
 
BICp 95.08 92.74 72.6 62.12 44.71 
 
Wp 0.7 0.42 0.67 0.37 0.35 
 
ΔBICp-h 6.94 (S) 16.15 (VS) 8.47 (S) 1.87 (W) 1.53 (W) 
(B) Habitat + predators 
     
 
Parameters P.und+P.cat P.und+P.cat P.und+P.dog MDS.1+P.cat P.und+P.cat 
 
BIC(h+p) 90.26 80.53 64.84 63.67 45.28 
 
W(h+p) 0.5 0.33 0.53 0.34 0.41 
 
ΔBIC(h+p)-h 2.12 (P) 3.94 (P) 0.71 (W) 3.42 (P) 2.1 (P) 
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Paper IV: Decline of forest structural elements across 
forest-urban interfaces is stronger with high rather 
than low residential density 
 
 
 
 
 
 
The loss of forest structural elements in residential areas in south-eastern Australia. 
 
 
 
 
 
 
 
 
Villaseñor, N.R., Blanchard, W., & Lindenmayer, D.B. (2016). Decline of forest 
structural elements across forest-urban interfaces is stronger with high rather than low 
residential density. Basic and Applied Ecology (in press). 
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Abstract 
Residential development creates a variety of wildland-urban interfaces, which in turn, 
can affect biodiversity to different extents. Yet, the paucity of biodiversity research at 
wildland-urban interfaces limits our ability to guide management and conservation 
planning. We assessed the effect of residential density on vegetation structure 
(measured along 50 m transects) across urban-forest interfaces (at 0, 100 and 300 m 
from the urban boundary into urban and forest cover). We compared five functional 
forms of the effect of distance to a boundary (no-effect, linear, quadratic, piecewise 
linear, and categorical distance), which can vary with residential density (high and low) 
and identified the best models describing the proportional cover of five vegetation 
variables across urban-forest interfaces. We found the proportional cover of most 
vegetation structures had a high magnitude of change across forest-urban interfaces of 
high residential density (towns); whereas smoother transitions were found across forest-
urban interfaces of low residential density (rural residential). Town interiors exhibited 
the lowest estimated proportional cover of structural elements characteristic of forests 
(95% CI: litter= 0-0.05, understory= 0.01-0.03, projective foliage= 0.04-0.18). In 
contrast, rural residential interiors retained structural elements typical of forests (95% 
CI: litter= 0.89-0.99, understory= 0.11-0.27, projective foliage= 0.24-0.6). The 
proportion of understory in forest decreased with the proximity to an urban boundary, 
but the rate of decline was higher closer to towns than to rural residential areas. Because 
fauna heavily relies on vegetation structure, the loss of forest structural elements in 
towns and adjacent forests highlights the urgent need to plan for biodiversity 
conservation in these areas. Due to rapid urbanization of forest ecosystems worldwide, 
we discuss advances in land planning and fire risk management that may contribute to 
the conservation of vegetation structures at wildland-urban interfaces. 
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Keywords: Boundary; Edge contrast; Rural development; Towns; Urbanization; Urban 
fringe. 
 
Introduction 
Mosaics of land cover types create multiple kinds of boundaries (Forman 1995). 
Boundaries separate ecosystems in a landscape and can be important drivers of 
ecological change (Forman 1995; Porensky & Young 2013). Despite there being a vast 
literature on terrestrial boundaries (reviewed by Ries, Fletcher, Battin & Sisk 2004; 
Harper, Macdonald, Burton, Chen, Brosofske et al. 2005; Porensky & Young 2013), 
biodiversity responses on both sides of an urban boundary remain under-explored (Bar-
Massada, Radeloff & Stewart 2014). Given the rapid and accelerating expansion of 
urban settlements (McDonnell, Hahs & Breuste 2009; Stein, Carr, McRoberts & Mahal 
2012), the lack of attention to biodiversity in wildland-urban interfaces has resulted in a 
major knowledge gap. 
 
A key factor influencing the distribution of biotic elements is the difference in 
composition or structure between juxtaposed environments on both sides of a boundary 
(i.e. edge contrast; Ries et al., 2004; Harper et al., 2005). In landscapes under urban 
development, the variety of urban growth forms can create different contrast edges 
(Hodgson, French & Major 2007; Villaseñor, Blanchard, Driscoll, Gibbons & 
Lindenmayer 2015). For instance, wildland-urban interfaces of high (or medium) 
residential density may be considered high contrast edges because forest and urban 
areas differ markedly in composition and structure (e.g. suburbs, towns; Fig. 1A). In 
contrast, wildland-urban interfaces of low residential density that retain natural 
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vegetation may represent low contrast edges (e.g. exurban development, rural 
residential areas; Fig. 1B). 
 
 
Fig. 1. Examples of wildland-urban interfaces of (A) high and (B) low residential 
density in south-eastern Australia. Image: Google Earth. 
 
 
Previous research suggests that the strong negative effects on wildlife of 
wildland-urban interfaces of high residential density may be due to a reduced 
availability of key vegetation structures for fauna (Hodgson et al., 2007; Villaseñor, 
Driscoll, Escobar, Gibbons & Lindenmayer 2014). However, what appear to be minor 
modifications to land cover with low residential density, can, in fact, result in major 
modifications to the local vegetation (Reed, Kretser, Glennon, Pejchar & Merenlender 
2012). Thus, it is important to know the effect of residential density on vegetation 
structures across urban-forest interfaces, to help guide targeted management and 
conservation actions in the urban fringe. 
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 We conducted an empirical study to evaluate the effect of residential density on 
vegetation structure (i.e. proportional cover of vegetation layers) from urban areas into 
wildlands. We focused on forest-urban interfaces because the rapid increase of forest-
urban interfaces is demanding an improved understanding of vegetation structure to 
plan for biodiversity conservation while managing fire risk (Stein et al., 2012; Bar-
Massada et al., 2014). Furthermore, we studied small towns and rural residential areas 
because most urban studies have focused on cities or major towns (McDonnell et al., 
2009), yet there is limited research on the effect of small urban settlements on 
biodiversity. Therefore, our study addresses these current knowledge gaps by providing 
empirical evidence about the changes in structural vegetation across forest-urban 
interfaces of high and low residential density (towns and rural residential areas, 
respectively) and discusses their implications for biodiversity conservation. In addition, 
our study contributes to the literature on terrestrial boundaries by evaluating the effect 
of a factor (edge contrast, as indicated by residential density) in functions describing 
responses across adjacent ecosystems. 
 
Materials and methods 
Study area 
Our study area was located on the south coast of New South Wales, south-eastern 
Australia (35°06’S 150°38’E), and covers ~500 km2 (see Appendix A: Fig. 1). The 
region has a temperate climate (annual mean minimum and maximum air temperatures 
= 13.8 °C and 20 °C, respectively; annual rainfall ~1,000 mm) (www.bom.gov.au). Our 
study area is dominated by native eucalypt forests interspersed with urban areas of 
different residential densities (Emery 2010). This region is undergoing increasing 
urbanization, but ecological responses across forest-urban interfaces are mostly 
 178 
unknown for this area (but for studies on mammals, see Villaseñor et al., 2014; 
Villaseñor et al., 2015). 
 
Study design 
We completed vegetation surveys at 12 forest-urban interfaces (see Appendix A: Fig. 
1). We selected forest-urban interfaces using a stratified random approach. For this, we 
first identified a set of potential forest-urban interfaces within our ~500 km
2
 study area 
in a digital map of land use (Emery 2010) in ArcMap 10 (ESRI). Forest adjacent to 
residential zones (towns with single storey houses ~0.06 ha lot size) represented forest-
urban interfaces of high residential density (Fig. 1A). Forest adjacent to rural residential 
zones (large residential lots [0.2-16 ha] where partial clearing of vegetation has been 
conducted but commercial agriculture is not allowed) represented forest-urban 
interfaces of low residential density (Fig. 1B). All forest-urban interfaces comprised 
large areas of forest (i.e. forest extending beyond 600 m from the urban boundary), 
were located >500 m away from other land uses to avoid an effect from multiple edges 
(Porensky & Young 2013) and were >500 m apart from one another. Subsequently, we 
randomly selected six forest-urban interfaces in each category of residential density (i.e. 
high and low) (see Appendix A: Fig. 1). We performed stratified random selection by 
selecting potential interfaces in each category of residential density with randomly 
generated numbers. 
 
During February and March 2013, we surveyed vegetation structure at different 
distances across each urban-forest interface: at the urban boundary (distance to the 
urban boundary (D) = 0 m), in urban areas (D = -100 m, -300 m), and in forests (D = 
+100 m, +300 m). These distances where defined in the field, where the urban boundary 
corresponded to the line where urban properties ended. These 5 distances were 
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measured because: (1) we did not aim to estimate distance of edge influence and (2) 
these distances are likely to reveal the change in vegetation structure across urban-forest 
interfaces (Harper et al., 2005). We were unable to measure vegetation at one of the 
sites characterized by high residential density (D = -100 m). At each distance, we 
measured the vertical structure of the vegetation using the point-intercept method 
(Bonham 2013) along a 50 m transect that extended 25 m either side of the assigned 
distance. At each sample point, spaced at 1 m intervals, we used a sampling pole guided 
vertically to the ground to record the presence/absence of: grass, litter (including woody 
debris <7 cm in diameter), bare ground, understory vegetation (shrubs, young trees, 
woody plants and grasses >1 m tall) and projective foliage of overstory vegetation 
(ground covered by a vertical projection of overstory foliage). The proportional cover of 
each vegetation variable was calculated by dividing the total number of times we 
recorded its presence by the total number of points on each transect. 
 
Data analysis 
We first performed an exploratory (graphical) analysis of our data. We plotted the 
proportional cover of each vegetation variable measured at urban-forest interfaces by 
residential density against distance to the urban boundary to visualize each response 
pattern. Because of the binomial structure of our data, we used logistic regression 
models fitted within the Generalized Linear Mixed Model (GLMMs) framework with a 
binomial distribution. Some properties of the binomial distribution are: (1) the 
probability of success is restricted to a value between zero and one (e.g. presence and 
absence) and (2) the variance is non-constant (McCullagh & Nelder 1989). Thus, we 
modeled the effects of both residential density and different functional forms of the 
effect of distance to the boundary on the proportional cover of each vegetation variable 
across urban-forest interfaces (see below). We fitted all our GLMMs (logit link) with 
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the Laplace approximation and the number of points (50) for which the proportion was 
calculated was modelled as model weights (Bates, Maechler, Bolker, Walker, 
Christensen et al. 2015). All GLMMs included two random effects, which accounted for 
the spatial dependence between samples within each urban-forest interface (n=12 
interfaces) and within each transect (observation-level random effect, n=59 transects). 
 
We fitted 18 models of different complexity (Table 1, see Appendix A: Table 1 
for statistical notation). They varied from no effects of either residential density or 
distance to the boundary to different forms of their interaction. In these models, we 
modelled five different functional forms of the effect of distance to the boundary to 
describe the proportional cover of each vegetation variable across urban-forest 
interfaces. The five functional forms were: no-effect, linear effect, quadratic effect, 
piecewise linear, and categorical distance (Table 1). We modelled the simplest 
piecewise linear form that joins two straight lines sharply at a break-point (i.e. 
boundary; D = 0 m). We included the piecewise linear form as it has been successfully 
applied to model edge effects on vegetation (Toms & Lesperance 2003). We 
incorporated only one break-point because it: (1) reflects abrupt changes, such as those 
across urban-forest interfaces; and (2) is more parsimonious than multiple break-points 
given the limited number of distances measured. Piecewise linear logistic regression 
models allowed independent linear slopes at both sides of the boundary, but forced 
continuity at the break-point. Models 11 and 12 in Table 1 allowed different distance 
effects by residential density at the urban side or at both sides of the boundary, 
respectively. We scaled distance to the urban boundary by dividing by 100 m to 
improve numerical stability of the GLMMs. The fifth functional form was categorical 
distance: we treated distance to the urban boundary as a categorical variable with (1) 
five levels: -300, -100, 0, 100, 300; and (2) three levels: urban (-300, -100), boundary 
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(0), and forest (100, 300). Categorical distance models allowed flexibility in the 
relationship between distance and vegetation. Note that categorical models use up to 10 
parameters, compared to only six with our most complicated quadratic and piecewise 
linear models (Table 1). 
 
For each vegetation variable, we selected the ‘best’ model from the 18 candidate 
models using Akaike Information Criterion corrected by small sample size (AICc) 
(Burnham & Anderson 2002). Models with lower AICc values are better supported by 
the data. To evaluate goodness of fit of our best (ΔAICc=0) and competitive (ΔAICc<2) 
GLMMs, we calculated R
2
marginal, which shows the variance explained by fixed effects 
(Nakagawa & Schielzeth 2013). R
2
 ranges from 0 to 1, with higher values indicating a 
better model fit. Then, parameter estimates and effect sizes from the best models were 
tabulated (see Appendix A: Tables 2-3) and the predicted values were plotted on the 
response scale. 
 
We performed all statistical analyses in R-3.0.1 (R Core Team 2013). We used 
the package “lme4” to fit GLMMs (Bates et al., 2015), “glmulti” for model selection 
(Calcagno 2013), and “AICcmodavg” to obtain predicted values and confidence 
intervals at 95% confidence level (Mazerolle 2013) for best models. 
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Table 1. Description of 18 models fitted with Generalized Linear Mixed Models (logit link), used to describe a response from the 
urban interior towards the forest interior. Statistical notation is provided in Appendix A: Table 1. 
 
Numbe
r 
Name Number of 
parameters 
Description  
1 Null 1 No residential density effect, no distance to the boundary effect (null model) 
2 Residential density 2 Residential density effect, no distance to the boundary effect 
3 Linear 2 Linear effect of distance to the boundary 
4 Residential density + Linear 3 as (3), and allows different intercepts for different residential densities 
5 Residential density x Linear 4 as (4), and allows different slopes (i.e. rate of change) for different residential 
densities 
6 Quadratic 3 Quadratic effect of distance to the boundary 
7 Residential density + Quadratic 4 as (6), and allows different intercepts for different residential densities 
8 Residential density x Quadratic 6 as (7), and allows the linear and quadratic components of the parabola to differ by 
residential density (this leads to different vertices by interface) 
9 Piecewise 3 linear effect of distance to the boundary, with independent slopes at both sides of 
the boundary (but forces continuity at the break-point) 
10 Residential density + Piecewise 4 as (9), and allows different intercepts for different residential densities 
11 Residential density x Piecewise1 5 as (10), and allows different slopes for the negative distances (i.e. urban) in 
different residential densities 
12 Residential density x Piecewise2 6 as (11), and allows differences in the positive part (i.e. forest) of the model 
13 Categorical distance1 5 Effect of distance to the boundary as a categorical variable (allows different 
intercepts for each of the five levels of distance) 
14 Residential density + Cat. distance1 6 as (13), and allows different intercepts for different residential densities 
15 Residential density x Cat. distance1 10 as (14), and allows intercepts to vary by each combination of categorical distance 
and residential density. 
16 Cat. distance2 3 Effect of distance to the boundary as a categorical variable with three levels: 
urban, boundary and forest (allows different intercepts for each of the three 
levels) 
17 Residential density + Cat. distance2 4 as (16), and allows different intercepts for different residential densities 
18 Residential density x Cat. distance2 6 as (17), and allows intercepts to vary by each combination of categorical distance 
and residential density 
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Results 
The proportional cover of bare ground was best described by the piecewise linear effect of 
distance to the boundary (“Piecewise”, Table 2). The proportional cover of bare ground was 
highest in urban areas, and declined sharply from the boundary towards forest interiors (Fig. 2A). 
 
The proportional cover of litter was best described for the piecewise linear effect of 
distance to the boundary which allowed different intercepts and slopes on each side of the 
boundary for different residential density (“Residential density x Piecewise2”, Table 2). The 
proportional cover of litter was high in interfaces of low residential density; whereas in interfaces 
of high residential density, it was highest in forest interiors and had an abrupt decline from the 
boundary towards urban interiors (Fig. 2B).  
 
The proportional cover of grass was best described for the piecewise linear effect of 
distance which allowed different intercepts and slopes on each side of the boundary for different 
residential density (“Residential density x Piecewise2”, Table 2). The proportional cover of grass 
in interfaces of low residential density increased slightly from urban interiors towards forest 
interiors; whereas in interfaces of high residential density it was lowest at the boundary (Fig. 
2C). However, the model for grass cover had a low goodness of fit (R
2
marginal = 0.08; Table 2).  
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Fig. 2. Predicted values from best fitting 
Generalized Linear Mixed Models 
(GLMMs) with a binomial distribution and 
logit link function for the proportional cover 
of (A) bare ground, (B) litter, (C) grass, (D) 
understory, and (E) projective foliage across 
urban-forest interfaces. Bars represent 
confidence intervals at 95% confidence 
level. The models on which the plots are 
based can be found in Appendix A: Table 2. 
Note that panel A has a different y-axis 
scale. 
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The proportional cover of understory was best described by the interaction of 
residential density and the linear effect of distance to the boundary (“Residential density 
x Linear”, Table 2). The proportional cover of understory declined from forest interiors 
towards urban interiors in interfaces of high and low residential density (Fig. 2D). The 
rate of change for understory was higher in interfaces of high residential density (slope 
= 0.67 in the logit scale) than in interfaces of low residential density (slope = 0.37) (see 
Appendix A: Table 2). 
 
The proportional cover of projective foliage was best described by the 
interaction of residential density and the quadratic effect of distance to the boundary 
(“Residential density x Quadratic”, Table 2). Two piecewise linear models had a very 
similar support to the best fitting model (ΔAICc<1). The proportional cover of 
projective foliage was similar across interfaces of low residential density; whereas in 
interfaces of high residential density, it exhibited a strong decline from the boundary 
towards urban interiors (Fig. 2E). 
 
In summary, the proportional cover of vegetation variables exhibited a variety of 
response trajectories across urban-forest interfaces. Continuous response functions were 
a more parsimonious representation of our response variables measured at five distances 
across edges. In particular, the quadratic and piecewise linear logistic regressions were 
among the best models describing the responses examined in this investigation (ΔAICc 
≤ 3.06 and ΔAICc ≤ 2.6, respectively, Table 2). The maximum number of parameters 
needed in these models was six compared to the ten parameters required when modeling 
distance as categorical. There was no evidence of lack of fit when we examined the 
residuals of best models, although there was appreciable unexplained variability 
particularly for grass (R
2
marginal = 0.08, Table 2)
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Table 2. Comparison of model fits for 18 logistic regression models describing vegetation structure across forest-urban interfaces. Model selection was 
performed on GLMMs with a binomial distribution (logit link) using Akaike Information Criterion corrected by small sample size (AICc). Logistic 
regression models described in Table 1 and Appendix A: Table 1. 
 
 
 
Bare ground Litter Grass Understory Projective foliage 
Number Logistic regression model AICc ΔAICc R2m AICc ΔAICc R
2
m AICc ΔAICc R
2
m AICc ΔAICc R
2
m AICc ΔAICc R
2
m 
1 Null 243.6 34.84  345.9 73.67  402.8 8.00  423.7 62.22  459.9 25.06  
2 Residential density  245.0 36.27  331.4 59.13  403.7 8.92  407.4 45.84  462.0 27.25  
3 Linear 222.2 13.49  311.7 39.47  398.5 3.75  385.6 24.06  444.3 9.54  
4 Residential density + Linear 223.4 14.63  289.7 17.45  399.2 4.43  364.7 3.22  446.6 11.80  
5 Residential density x Linear 225.8 17.02  281.6 9.37  401.2 6.43  361.5 * 0.36 437.3 2.54  
6 Quadratic 211.7 2.97  313.4 41.18  397.6 2.86  387.9 26.40  443.1 8.28  
7 Residential density + Quadratic 212.2 3.45  290.8 18.58  398.3 3.56  367.2 5.67  445.4 10.60  
8 Residential density x Quadratic 217.4 8.63  275.3 3.06  396.5 1.73 0.07 364.6 3.05  434.8 * 0.18 
9 Piecewise 208.7 * 0.54 313.1 40.86  396.7 1.99 0.05 387.8 26.24  443.3 8.48  
10 Residential density + Piecewise 209.0 0.28 0.55 290.4 18.15  397.4 2.68  367.1 5.56  445.6 10.81  
11 Residential density x Piecewise1 211.6 2.86  283.8 11.55  399.5 4.74  364.1 2.58  435.7 0.87 0.17 
12 Residential density x Piecewise2 214.1 5.39  272.2 * 0.75 394.8 * 0.08 364.4 2.91  434.8 0.04 0.18 
13 Cat. distance1 213.1 4.39  313.5 41.29  399.3 4.51  387.7 26.21  445.9 11.14  
14 Residential density + Cat. distance1 213.7 4.93  290.4 18.16  399.9 5.15  366.9 5.42  448.5 13.69  
15 Residential density x Cat. distance1 225.3 16.53  277.6 5.38  402.0 7.25  368.8 7.29  442.8 7.96  
16 Cat. distance2 213.1 4.39  313.5 41.29  399.3 4.51  387.7 26.21  445.9 11.14  
17 Residential density + Cat. distance2 213.7 4.93  290.4 18.16  399.9 5.15  366.9 5.42  448.5 13.69  
18 Residential density x Cat. distance2 225.3 16.53  277.6 5.38  402.0 7.25  368.8 7.29  442.8 7.96  
ΔAICc shows the difference in AICc between the current model and the model with the highest support (lowest AICc). Models within 2 ΔAICc units are shown in bold. 
R
2
m (R
2
marginal) shows the variance explained by fixed effects and it was calculated for the best models from the candidate set (ΔAICc< 2). 
* Model with the highest support for each vegetation variable.
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Discussion 
Boundaries are widespread features across landscapes. An appropriate assessment of the 
factors influencing ecological responses across adjacent ecosystems will help better 
understanding of the patterns and processes across landscapes and improve management 
and landscape planning. This is particularly important in wildland-urban interfaces 
where management and conservation planning has been limited by a paucity of 
biodiversity research (Bar-Massada et al., 2014). In our study, residential density at the 
wildland-urban interface was an important factor influencing vegetation structure on 
both sides of the urban boundary. We found a stronger decline of forest habitat 
structures across urban-forest interfaces of high residential density (towns) compared to 
low residential density (rural residential areas). Due to the strong link between 
vegetation cover and habitat structures for fauna (Chace & Walsh 2006; Ikin, Le Roux, 
Rayner, Villaseñor, Eyles et al. 2015), our findings highlight an urgent need to plan for 
biodiversity in towns and adjacent forested land. However, retaining vegetation for 
biodiversity conservation may conflict with asset protection as it increases fire risk in 
fire-prone regions (Driscoll, Lindenmayer, Bennett, Bode, Bradstock et al. 2010). We 
further discuss our findings on vegetation structure and their implications for biological 
conservation, as well as advances in fire risk management and land planning that may 
contribute to maintain forest habitat structure at wildland-urban interfaces. 
 
Vegetation structure across urban-forest interfaces 
There is growing evidence of the negative effects of increasing residential density on 
forests (Stein et al., 2012). Yet, much of what we know about the effect of urbanization 
on environments comes from studies in urban-rural gradients, not the wildland-urban 
interface (McDonnell et al., 2009; Bar-Massada et al., 2014). In our study, the 
proportional cover of litter, grass and projective foliage exhibited a small and gradual 
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change across urban-forest interfaces of low residential density (Fig. 2). In contrast, 
these vegetation variables exhibited a large and abrupt change across forest-urban 
interfaces of high residential density (Fig. 2). While rural residential interiors 
maintained structural elements compared to adjacent forests (except for understory), 
town interiors exhibited a very low cover of forest structural elements (i.e. litter, 
understory and projective foliage). The stronger decline of forest structural elements 
across urban-forest interfaces of high than low residential density may be due to heavier 
forest clearing to allow for higher housing densities, the removal of forest-habitat 
structures to maintain open and highly manicured gardens and public green spaces 
(McDonnell 2007), and intensive fire management practices on adjacent forests to 
reduce fire-risk on assets (e.g. pruning, burning; Mell, Manzello, Maranghides, Butry & 
Rehm 2010). 
 
 Although our study does not estimate the distance of edge influence, understory 
cover in forests declined >100 m away from an urban boundary. This was contrary to 
several studies that have found most of the change in forest understory vegetation 
occurs within 50 m from an anthropogenic boundary (for a review, see Harper et al., 
2005). A long distance effect of urban areas on understory cover in our forests was 
probably a result of damage to the vegetation by residents (e.g. trampling, clearing and 
recreational trails) (Matlack 1993; Ballantyne & Pickering 2015) and fire management 
practices at the urban fringe (e.g. prescribed burning in forests adjacent to urban areas) 
(Mell et al., 2010). Our findings suggest that anthropogenic impacts at forest-urban 
interfaces are likely to extend for longer distances than natural edge effects (Matlack 
1993). 
 Other response patterns found in our study also demand further exploration of 
vegetation responses across urban-wildland interfaces. For instance, continuous 
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response functions showed that vegetation structure changed with distance to boundary 
on both sides of an urban boundary. In forest-urban interfaces of high residential 
density, the proportional cover of grass exhibited a decline from forest interiors towards 
urban boundaries, but this trend of decline was reversed towards urban interiors (Fig 
3C). This pattern was probably due to the provision and maintenance of exotic grasses 
(lawns) in towns (Le Roux, Ikin, Lindenmayer, Blanchard, Manning et al. 2014). In 
addition, a higher proportional cover of projective foliage was found in forests adjacent 
to urban areas of high than low residential density; suggesting that towns are located in 
more fertile land (Imhoff, Bounoua, DeFries, Lawrence, Stutzer et al. 2004).  
 
Vegetation structure and biodiversity conservation 
The loss of forest habitat structures across urban-forest interfaces poses substantial 
challenges to achieving ecologically sustainable urban development. For instance, urban 
areas that retain native vegetation support more native animal species than urban areas 
that do not (Chace & Walsh 2006). The reduction of projective foliage cover, due to the 
extensive loss of trees, is associated with low abundance of arboreal folivores 
(Villaseñor et al., 2014), insectivores (Hodgson et al., 2007) and some hollow-
dependent fauna (Brearley, Bradley, Bell & McAlpine 2010; Villaseñor et al., 2014). 
The removal of natural litter negatively affects ground-dwelling species, because this is 
where they shelter and search for food (van der Ree & McCarthy 2005; Le Roux et al., 
2014). 
 
In addition, the reduction of understory vegetation in forests adjacent to urban 
areas may affect faunal community composition within these forests. In southeastern 
Australia, forests with low understory cover are characterized by high abundance of 
large grazing mammals but low species richness and abundance of small and medium-
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sized mammals (Catling & Burt 1995). For small and medium-sized mammals, a 
reduction of understory cover may limit food resources and increase risk of predation 
(van der Ree & McCarthy 2005). Therefore, management of the vegetation to improve 
habitat complexity (understory cover) is likely to enhance ground-dwelling fauna 
(Catling & Burt 1995; Villaseñor et al., 2015). 
 
In contrast to the loss of habitat structures in towns, rural residential areas 
retained structural elements related to forests. The retention of natural vegetation may 
limit local impact of development on fauna, helping to sustain native animals in urban 
areas (Chace & Walsh 2006; Brearley et al., 2010) and encouraging urban-sensitive 
species to cross to the urban matrix (Hodgson et al., 2007). Therefore, a high 
proportional cover of forest-structural elements may result in a high abundance of some 
forest-dwelling species in rural residential areas (Villaseñor et al., 2014).  
 
Conflicts at the wildland-urban interface 
Currently, there is no simple solution to meet the objectives of biological conservation 
(e.g. minimize habitat loss), wildfire management (minimize fire risk), and social 
interests (e.g. trade-off between tiding up of vegetation structures versus a desire for 
living close to nature) at wildland-urban interfaces (McDonnell 2007; Stein et al., 2012; 
Bar-Massada et al., 2014). However, there are increasing efforts to help guide 
conservation planning while reducing fire-risk on assets. For instance, the negative 
effects of wildfire at the wildland-urban interface can be partly mitigated by building 
fire resistant houses (Spyratos, Bourgeron & Ghil 2007) and targeting fuel reduction 
close to assets instead of large areas of forests (Driscoll et al., 2010). Spatial planning 
can limit urban development in areas of high risk of fire, as well as zoning asset 
protection zones to maintain natural habitats and corridors (Radeloff, Hammer, Stewart, 
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Fried, Holcomb et al. 2005; Ikin et al., 2015). Compact development can reduce urban 
sprawl, which in turn may facilitate fire-management practices and reduce the amount 
of land susceptible to the negative effects from urban areas (Radeloff et al., 2005; Reed 
et al., 2012; Ikin et al., 2015). Due to increased urban pressure on forest ecosystems 
(Stein et al., 2012), there is an urgent need for scientific evidence to better quantify and 
resolve potential conflicts between increasing housing demand, fire-risk management, 
and biodiversity conservation.  
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Appendix A: Supplementary Material 
 
 
 
 
Fig. 1. Study area and sites of vegetation surveys in south-eastern Australia.  
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Table 1. The linear predictors of the 18 Generalized Linear Mixed Models (GLMMs), 
used to describe a response from the urban interior towards the forest interior. Where: L 
is a dummy variable indicating residential density (1=low, 0=high), D is the distance to 
the boundary, D
2
 represents the quadratic effect of distance to the boundary, and E is 
the categorical distance to the boundary with three levels: urban, boundary and forest. 
In categorical distance models,    and    are a dummy variables indicating the i level 
(exclude the first level). We use two letters to indicate interactions. The parameters 
have the following interpretation: in models where residential density does not appear, 
  = intercept; in models involving residential density,   = intercept for high residential 
density,   +  = intercept for low residential density; in models involving distance as a 
categorical variable,   = intercept for the first level of distance,   +  = intercept for the 
i level of    or   ; in models involving both categorical distance and residential density, 
  = intercept for the first level of distance in high residential density,   +  = intercept 
for the first level of distance in low residential density;   and    are the slope for linear 
and quadratic distance to the boundary, respectively. Parameters for interactions are 
shown by their combinations. The following coefficients apply only to the piecewise 
linear predictors (models 9-12):   
  the change in slope for positive distances (i.e. 
forest) for high residential density,    
  the change in slope for positive distances for 
low residential density. In describing the piecewise linear predictors, we employ the 
following shorthand, which we illustrate for model 9:       
    expands to     
  
  . 
 
 
N Name Example Linear Predictor 
1 Null 
 
     
2 Residential 
density  
 
        
3 Linear 
 
        
4 Residential 
density + 
Linear 
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N Name Example Linear Predictor 
 
5 Residential 
density x 
Linear 
 
 
                  
6 Quadratic 
 
           
  
7 Residential 
density + 
Quadratic 
 
 
               
  
8 Residential 
density x 
Quadratic 
 
 
               
             
  
9 Piecewise 
 
                                                                      
          
                                                    
10 Residential 
density +  
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N Name Example Linear Predictor 
Piecewise 
 
11 Residential 
density x 
Piecewise1 
 
 
                                                  
                   
                         
12 Residential 
density x 
Piecewise2 
 
 
                                                    
                   
     
            
13 Categorical 
distance1 
 
                        
14 Residential 
density +  
Cat. distance1 
 
 
                            
15 Residential 
density x  
Cat. distance1 
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N Name Example Linear Predictor 
16 Categorical 
distance2 
 
              
17 Residential 
density +  
Cat. distance2 
 
 
                  
18 Residential 
density x  
Cat. distance2 
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Table 2. Parameter estimates (logit link) from the best fitting GLMMs with a binomial 
distribution and logit link function for the proportional cover of (A) bare ground, (B) 
litter, (C) grass, (D) understory, and (E) projective foliage across urban-forest interfaces 
(see Main Manuscript: Fig. 1 for graphical results). For details on parameters, see 
Appendix A: Table 1. For estimates in the response scale (proportional cover) see Table 
3.  
 
Response Variables 
 
Parameter Estimate SE Z P 
 (A) Bare ground    -2.84 0.28 -10.30 < 0.001 *** 
 
   -0.04 0.14 -0.26 0.794 
 
 
  
  -1.78 0.54 -3.32 0.001 *** 
(B) Litter    1.53 0.47 3.28 0.001 ** 
 
   0.99 0.70 1.41 0.157 
 
 
   1.98 0.31 6.39 < 0.001 *** 
 
    -2.25 0.43 -5.25 < 0.001 *** 
 
  
  -0.93 0.51 -1.81 0.070 . 
 
   
  3.30 1.26 2.63 0.009 ** 
(C) Grass    0.39 0.27 1.47 0.141 
 
 
   1.20 0.38 3.13 0.002 ** 
 
   -0.34 0.16 -2.20 0.028 * 
 
    0.61 0.22 2.78 0.006 ** 
 
  
  0.97 0.27 3.55 < 0.001 *** 
 
   
  -0.12 0.27 -0.44 0.660 
 (D) Understory    -2.44 0.20 -12.24 < 0.001 *** 
 
   1.98 0.25 7.86 < 0.001 *** 
 
   0.67 0.10 6.50 < 0.001 *** 
 
    -0.30 0.13 -2.37 0.018 * 
(E) Projective foliage    0.62 0.26 2.37 0.02 * 
 
   -0.56 0.36 -1.57 0.12  
 
   0.60 0.09 6.30 < 0.001 *** 
    -0.13 0.05 -2.83 < 0.001 ** 
 
    -0.50 0.13 -3.80 < 0.001 *** 
 
    0.12 0.06 1.83 0.07 . 
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Table 3. Estimated proportional cover (mean and 95% confidence intervals) from the best GLMMs (logit link) for (A) bare ground, (B) litter, (C) 
grass, (D) understory, and (E) projective foliage. Negative distances are inside urban areas whereas positive distances are inside forests (see Methods 
in Main Manuscript). 
 
 
 (A) Bare ground
1
 (B) Litter (C) Grass (D) Understory (E) Projective foliage 
Residential 
density 
Distance 
to 
boundary 
(m) 
mean 
95% 
CI 
lower 
95% 
CI 
upper 
mean 
95% 
CI 
lower 
95% 
CI 
upper 
mean 
95% 
CI 
lower 
95% 
CI 
upper 
mean 
95% 
CI 
lower 
95% 
CI 
upper 
mean 
95% 
CI 
lower 
95% 
CI 
upper 
High -300 0.06 0.03 0.11 0.01 ~0 0.05 0.81 0.68 0.89 0.01 0.01 0.03 0.09 0.04 0.18 
High -100 0.06 0.04 0.08 0.39 0.24 0.56 0.68 0.59 0.76 0.04 0.03 0.07 0.47 0.35 0.6 
High 0 0.05 0.03 0.09 0.82 0.65 0.92 0.6 0.47 0.71 0.08 0.06 0.11 0.65 0.53 0.76 
High 100 0.01 ~0 0.02 0.93 0.87 0.96 0.74 0.65 0.8 0.15 0.11 0.2 0.75 0.65 0.83 
High 300 ~0 ~0 ~0 0.99 0.96 ~1 0.91 0.82 0.95 0.39 0.26 0.54 0.78 0.62 0.88 
Low -300 0.06 0.03 0.11 0.97 0.89 0.99 0.69 0.53 0.81 0.18 0.11 0.27 0.41 0.24 0.6 
Low -100 0.06 0.04 0.08 0.94 0.89 0.97 0.79 0.72 0.85 0.31 0.24 0.38 0.48 0.37 0.6 
Low 0 0.05 0.03 0.09 0.93 0.82 0.97 0.83 0.74 0.89 0.39 0.32 0.46 0.51 0.39 0.63 
Low 100 0.01 ~0 0.02 ~1 0.97 ~1 0.85 0.79 0.9 0.48 0.39 0.56 0.54 0.42 0.65 
Low 300 ~0 ~0 ~0 ~1 ~1 ~1 0.89 0.79 0.94 0.65 0.52 0.77 0.56 0.37 0.73 
1
 The proportional cover of bare ground did not depend on residential density (see best model, Main Manuscript: Table 2). 
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Paper V: Compact development minimizes the impacts 
of urban growth on native mammals 
 
 
 
 
 
 
 
 
To build a target number of new dwellings, the land area modified is ~20 times smaller 
under compact (red) than under dispersed (orange) development in south-eastern 
Australia. 
 
 
 
 
 
 
 
 
Villaseñor, N.R., Tulloch, A.I.T., Driscoll, D.A., Gibbons, P., & Lindenmayer, D.B. 
(2016). Compact development minimizes the impacts of urban growth on native 
mammals. Journal of Applied Ecology (in review).  
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Abstract 
1. Unprecedented global human population growth and rapid urbanization of rural and 
natural lands highlight the urgent need to integrate biodiversity conservation into 
planning for urban growth. Because few studies have evaluated the impact of alternative 
urbanization patterns on fauna, a challenging question for applied ecologists to answer 
is: What pattern of urban growth meets future housing demand whilst minimizing 
impacts on biodiversity? 
2. We present the first quantification of the consequences for mammals of meeting 
future housing demand under different patterns of compact and dispersed urban growth 
in a forested landscape in south-eastern Australia. Using empirical data, we predicted 
impacts on mammals of urban growth scenarios that varied in housing density (compact 
versus dispersed) and location of development for four target numbers of new 
dwellings. 
3. We found compact developments (i.e. high-density housing) reduced up to 6% of the 
area of occupancy or abundance of five of the six mammal species examined. In 
contrast, dispersed developments (i.e. low-density housing) led to increased mammal 
abundance overall, although results varied between species: as dwellings increased, the 
abundance/occurrence of two species increased (up to ~100%), one species showed no 
change, and three species declined (up to ~40%). 
4. Two ground-dwelling mammal species (Antechinus stuartii, Rattus fuscipes) and a 
tree-dwelling species (Petaurus australis) were predicted to decline considerably under 
dispersed rather than compact development. The strongest negative effect of dispersed 
development was for Petaurus australis (a species more abundant in forested interiors) 
which exhibited up to 39% reduction in abundance due to forest loss and an extended 
negative edge effect from urban settlements into adjacent forests.  
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6. Synthesis and applications: Our findings demonstrate that, when aiming to meet 
demand for housing, any form of compact development (i.e. high-density housing) has 
fewer detrimental impacts on forest-dwelling mammals than dispersed development. 
This is because compact development concentrates the negative effects of housing into 
a small area whilst at the same time preserving large expanses of forests and the fauna 
they sustain. Landscape planning and urban growth policies should not be limited to the 
spatial location of development, but must consider the trade-off between the intensity of 
the threat and area of sprawl when aiming to reduce urbanization impacts. 
 
Keywords: Arboreal marsupials, edge effect, forest, ground-dwelling mammals, land 
sharing, land sparing, residential development, spatially-explicit scenarios, urban infill, 
urban planning. 
 
Introduction 
Unprecedented global human population growth combined with rapid housing 
development in rural and natural lands worldwide (Seto, Guneralp & Hutyra 2012; Lin 
& Fuller 2013) highlight an urgent need to plan for biodiversity conservation under 
future urbanization. Currently, urbanization leads to marked environmental change, and 
the loss, degradation and fragmentation of habitats (Bar-Massada, Radeloff & Stewart 
2014). Land modification as a result of urbanization affects biodiversity from local to 
global scales (McKinney 2006; Seto, Guneralp & Hutyra 2012) and threatens species 
with extinction worldwide (Baillie et al. 2010). However, planning for biodiversity 
conservation under future urban development is complex. This is because the impacts of 
urbanization on biodiversity vary with the kind of urban development (e.g. housing 
density and location) (Gordon et al. 2009; Sushinsky et al. 2013), as well as the species 
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involved (van der Ree & McCarthy 2005; McDonnell & Hahs 2015). Therefore, a 
challenging conservation question to answer is: What kind of urban development meets 
future housing demand whilst minimizing impacts on biodiversity? 
 
There is a growing body of literature on the effects of urbanization on 
biodiversity and how to improve urban design to achieve biodiversity-sensitive cities 
and towns (Ikin et al. 2015; McDonnell & Hahs 2015). Yet, there is only limited 
evidence for how best to minimize the impacts of urban growth on regional biodiversity 
when first planning for future housing demand. In this context, the land sparing versus 
land sharing framework may provide important insights (Lin & Fuller 2013). This 
framework has been mainly applied to balance land for food production and 
biodiversity conservation in agricultural settings (Green et al. 2005). At the opposite 
ends of this framework, urban patterns may take one of two forms: compact (“land 
sparing”) or dispersed (“land sharing”). Compact developments concentrate a high 
number of dwellings over a small area, leading to a high local impact on biodiversity, 
while other land is set aside for conservation (Lin & Fuller 2013). In contrast, dispersed 
developments contain dwellings at a lower density, usually resulting in less local impact 
than compact development (Ikin et al. 2013; Villaseñor et al. 2014), but impacts are 
spread over large areas of land to meet housing demands (Theobald, Miller & Hobbs 
1997). Thus, dispersed development may have a higher impact on biodiversity at a 
landscape scale than compact developments (Gagne & Fahrig 2010a). 
 
In addition to considerations of housing density (compact versus dispersed), new 
developments could be planned for areas where their impacts on biodiversity are 
minimized (Gordon et al. 2009; Brown et al. 2014). This can be achieved by integrating 
ecological data into spatially-explicit planning tools to evaluate the potential effect of 
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development on different locations (Gordon et al. 2009). Knowing what kind of urban 
development minimizes impacts on biodiversity at a landscape scale will help land 
planners to carry out biodiversity-sensitive land-use planning.  
 
How species respond to patterns of urban development can be influenced by 
different factors. One important factor may be species’ habit: small ground-dwelling 
species may be severely affected by increased urbanization due to the removal of 
ground cover vegetation (van der Ree & McCarthy 2005; Villaseñor et al. 2015); 
whereas the response of tree-dwelling species may vary according to available tree 
cover (Isaac et al. 2014; Ikin et al. 2015). Furthermore, species that share life history 
attributes also may exhibit different responses to urban patterns. For example, although 
most tree-dwelling marsupials can be found in high abundances in dispersed 
developments that provide mature tree cover in south-eastern Australia, one species (the 
common brushtail possum Trichosurus vulpecula) occurs at greatest abundance in 
compact developments that provide both feeding and nesting resources (Isaac et al. 
2014; Villaseñor et al. 2014). Thus, compact developments may support high overall 
animal abundances underpinned by only a few species adapted to urbanization 
(McKinney 2006; McDonnell & Hahs 2015). 
 
 Here we present one of the few attempts to date to assess the effects on fauna – 
and the first for mammals – of meeting future housing demand under dispersed and 
compact patterns of urban growth. Lin & Fuller (2013) proposed that dispersed 
developments (land sharing) may be favored where low-density housing allows 
biodiversity to persist. We tested this hypothesis in an urbanizing landscape in south-
eastern Australia comprised of forested lands and urban settlements of high and low 
housing densities (compact and dispersed, respectively). In the study area, low-density 
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housing developments (i.e. rural residential or exurban development) retain natural 
vegetation, allowing the persistence of several forest mammal species (Villaseñor et al. 
2014). We quantified change in the: (1) occurrence of two ground-dwelling mammal 
species, (2) abundance of four tree-dwelling mammal species, and (3) summed 
abundance of the tree-dwelling mammals under 36 spatially explicit scenarios of urban 
growth that aimed to meet future demand for housing. Scenarios varied in housing 
density (dispersed versus compact), location of development, and number of new 
dwellings. Our scenarios included one dispersed and two compact forms of urban 
growth: (1) “rural residential”, where forests are partially cleared to develop low-
density housing areas (Gagne & Fahrig 2010b; Brown et al. 2014); (2) “residential”, 
where forests are cleared to develop high-density housing areas (towns); and (3) “urban 
infill”, where rural residential areas are changed to residential areas. Under rapid 
urbanization of private forests (Stein et al. 2012) and the rise of wildland-urban 
interfaces worldwide (Bar-Massada, Radeloff & Stewart 2014), urban infill may benefit 
biodiversity by preventing further forest loss and limiting the extent of wildlands 
susceptible to urban edge effects (Theobald, Miller & Hobbs 1997). 
 
 We aimed to answer the following questions: Q1. Do forest mammals benefit 
from dispersed rather than compact urban growth? Q2. Does urban infill benefit forest-
dependent mammals? Q3. Does the spatial location of development influence mammal 
responses? The answers to these questions will provide insights on how to minimize the 
impacts of future urban growth on mammals in this region. This is important because 
urban development has driven local mammal extinctions in south-eastern Australia (van 
der Ree & McCarthy 2005), a country in which a large number of endemic mammal 
species have already been lost (Lindenmayer 2015). Furthermore, our investigation 
offers important insights for mammal conservation globally, because most mammal 
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species inhabit forests (Baillie et al. 2010) that have experienced pervasive 
deforestation and fragmentation (Haddad et al. 2015), as well as urbanization (Stein et 
al. 2012). Our study therefore provides urgently needed insights into the impacts of 
alternative urban growth policies in the face of rapid global urbanization of forests and 
rural lands. 
 
Methods 
To study the fate of mammals under different scenarios of urban growth, we first used 
empirical data from three studies (Villaseñor et al. 2014; Villaseñor et al. 2015; 
Lindenmayer et al. In press) to fit predictive models for the occurrence and abundance 
of seven mammal species. We then used estimates from our models to predict the 
change in species occurrence and abundance under 36 spatially-explicit scenarios of 
future urban development in our area of study.  
 
Study area 
Our study was located in the Shoalhaven region (34°59’S 150°43’E; 35°12’S 
150°33’E), on the south coast of New South Wales, south-eastern Australia (Fig. 1a). 
The climate is mild and an annual rainfall of ~1,000 mm is distributed evenly 
throughout the year (Bureau of Meteorology 2013). Native vegetation (dominated by 
forests of the genus Eucalyptus, but also including other vegetation types) and wetlands 
cover >80% of the terrestrial landscape, followed by urban areas (~13%) and a small 
percentage of other land uses (e.g. grazing, cropping, mining; ~5%) (Emery 2010). The 
study area is undergoing clearing of natural vegetation for residential development due 
to a relatively high rate of human relocation into the area, a high demand for coastal 
holiday houses, and high expected human population growth (up to 26% increase in the 
 210 
next 25 years in some areas) (Shoalhaven City Council 2015). If the current rate of 
population growth continues, ~8,000 new dwellings will be added in an area ~700 km
2
 
in the next 50 years (Shoalhaven City Council 2015). 
 
Predictive models for mammals 
We studied three ground-dwelling species: brown antechinus Antechinus stuartii, bush 
rat Rattus fuscipes, and long-nosed bandicoot Perameles nasuta; and four arboreal 
marsupials: the common brushtail possum Trichosurus vulpecula, the common ringtail 
possum Pseudocheirus peregrines, the sugar glider Petaurus breviceps, and the yellow-
bellied glider Petaurus australis. 
 
Models for ground-dwelling mammals 
For ground-dwelling mammals, we collated presence-absence data collected during 
summer from two different studies. Species of ground-dwelling mammals were 
recorded with vertically-oriented cameras placed at 77 locations (77 camera-trap 
stations x 6 nights from December 2012 to March 2013) (Villaseñor et al. 2015) and 
cage trapping at 97 locations (1,746 cage-traps x 3 nights during December 2013) 
(Lindenmayer et al. In press). We combined these two datasets because these methods 
are expected to detect species of ground-dwelling mammals with a high degree of 
confidence (De Bondi et al. 2010) and detections made through deploying them can be 
used concurrently to model the distributions of species (Sardà-Palomera et al. 2012). 
We limited our inferences for ground-dwelling mammals to the occurrence of species 
recorded in both studies: brown antechinus, bush rat and long-nosed bandicoot, 
recorded at 86, 75 and 12 locations, respectively. 
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Fig. 1. Distributions of land use under selected scenarios of current (a) and future (b-d) 
urban growth in the study area. Scenarios for urban growth included: urban infill (b), 
residential development (c), and rural residential (d), each occurring in one of three 
spatial locations (see Table 1). All scenarios for urban growth illustrated here are at the 
highest level of housing (8,000 new dwellings).  
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We identified variables that best predicted individual species occurrences using 
Information Criterion model selection over a candidate set of Generalized Linear Mixed 
Models (GLMMs) in R (R Core Team 2013). We fitted effects of: (1) land use 
(categorical predictor with three levels: residential, rural residential, native vegetation), 
(2) broad vegetation type (categorical predictor [National Vegetation Information 
System (NVIS), provided by Department of Environment] with five levels: forest, 
woodland, shrubland, heathland and cleared vegetation), and (3) distance to urban cover 
(continuous predictor) on individual species occurrence with binomial GLMMs (logit 
link) (package "lme4", Bates et al. 2014). Distance to urban cover was transformed 
using a square root transformation to improve distribution of its values. These variables 
are likely to be relevant for forest-dwelling species (Brown et al. 2014) and ground-
dwelling mammals (Lindenmayer et al. In press). The GLMMs included the effect of 
predictive variables in isolation and their additive effects, leading to eight models in the 
candidate set (including a null model). To account for spatial dependence, we grouped 
data from clustered locations (within a 300 m radius) in a “site”, and incorporated site 
(n= 40) as a random effect. 
 
For the bush rat, we fit GLMMs with the Laplace approximation and normal 
priors on fixed effects because of its complete absence in residential areas during our 
sampling (Bolker 2015). Due to the limited number of detections of the long-nosed 
bandicoot (n=12), we restricted the inclusion of predictive variables (fixed effects) 
within a model to two, and explored the effects of distance to the coast (continuous 
variable, square-root transformed) instead of broad vegetation type. Distance to the 
coast was chosen because this variable has been found to be important for a closely-
related species (Southern brown bandicoot Isoodon obesulus) (Department of 
Environment and Conservation [NSW] 2006).  
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For each species, we selected the best GLMMs from each candidate model set 
using Akaike’s Information Criterion corrected by small sample size (AICc) (package 
"MuMIn", Barton 2013; Burnham & Anderson 2002). We then predicted variable 
estimates (mean ± SE) from the best models (lowest AICc). 
 
Models for arboreal marsupials 
To predict the abundance of arboreal marsupials in response to different urban patterns, 
we used abundance data and GLMMs for individual species reported in Villaseñor et al. 
(2014) with additional data from forested (forest and woodlands) areas >400 m away 
from urban areas. All data were collected in the same season, year, with the same 
sampling method and observers. We tested for overdispersion in these new GLMMs by 
comparing the sum of the squared Pearson residuals to the residual degrees of freedom 
(Bolker 2015). After confirming there was no evidence for overdispersion in our models 
(χ2, P>0.28), we predicted variable estimates (mean ± SE) from GLMMs. 
 
Scenarios for urban growth 
All spatial analyses were based on rasters (Hijmans 2015) in R (R Core Team 2013). 
We converted our ~90,000 ha study area to a raster using grid cells of 100 m x 100 m 
cell size (Fig. 1a) due to existing knowledge that some of our target mammal species 
respond to habitat differences at this scale (Villaseñor et al. 2014). Thus, the current 
scenario was described by multiple raster layers, each of them representing a predictive 
variable in our predictive GLMMs (e.g. land use, land cover [provided by NSW Office 
of Environment and Heritage], vegetation type [NVIS, Department of Environment], 
distance to an urban boundary). Cells with alternative land uses for which we did not 
have mammal data were excluded from the analyses (e.g. agricultural lands). In 
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addition, cells within conservation areas such as natural parks and reserves were unable 
to be developed, and therefore, did not change across urban growth scenarios. 
 
We compared the biodiversity outcomes of meeting housing demands under 36 
spatially-explicit scenarios of urban development. These 36 scenarios included 
combinations of three types of urban development (urban infill, residential, rural 
residential), three spatial locations per type of development (e.g. coastal, interior) and 
four targeted numbers for new dwellings (2,000; 4,000; 6,000; 8,000) (see Table 1 for 
details, Fig. 1b-d shows scenarios for 8,000 new dwellings added). In urban-infill 
scenarios, rural residential cells were changed to residential. In contrast, in residential 
and rural residential urban development scenarios, forested cells (forest and woodland 
classes in NVIS layer) were converted to urban; therefore, urban development occurred 
at the expense of the loss of tree-dominated vegetation. To calculate the number of cells 
required to add the four targeted number of new dwellings (2,000; 4,000; 6,000 and 
8,000) by each kind of urban development, we first calculated the number of houses/ha 
in residential and rural residential areas in our study area from cadastral data 
(Department of Environment; residential areas: ~11.1 houses/ha; rural residential: ~0.5 
houses/ha). For urban infill, the difference of houses/ha between residential and rural 
residential areas (10.6) was the number of new dwellings added per rural residential cell 
changed to residential. Then, we divided the number of target new dwellings by the 
corresponding houses/ha to obtain the number of hectares (cells) required by each 
scenario. 
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Table 1. Thirty six spatially-explicit scenarios of urban growth for south-eastern 
Australia. 
 
Type of urban 
development 
Spatial 
location 
Dwellings 
added per 
cell 
changed 
Description Targeted 
number of new 
dwellings 
(thousands) 
Compact:  
Urban infill 
  Rural residential cells change 
to residential and are selected 
according to: 
 
Residential 10.6 - proximity to residential areas. 2, 4, 6, 8 
Coastal 10.6 - proximity to residential areas 
as well as their proximity to 
the coast. 
2, 4, 6, 8 
Interior 10.6 - proximity to residential areas 
as well as distance away from 
the coast. 
2, 4, 6, 8 
Compact: 
Residential 
  Forested cells change to 
residential and are selected 
according to: 
 
Residential 11.1 - proximity to residential areas. 2, 4, 6, 8 
Coastal 11.1 - proximity to residential areas 
as well as their proximity to 
the coast. 
2, 4, 6, 8 
Interior 11.1 - proximity to residential areas 
as well as distance away from 
the coast. 
2, 4, 6, 8 
Dispersed: 
Rural 
residential 
  Forested cells change to rural 
residential and are selected 
according to: 
 
Urban  0.5 - proximity to any kind of 
urban area (i.e. residential or 
rural residential) 
2, 4, 6, 8 
Residential 0.5 - proximity to residential areas. 2, 4, 6, 8 
Rural 
residential 
0.5 - proximity to rural residential 
areas. 
2, 4, 6, 8 
Total number of scenarios = 36 
 
 
To obtain raster layers that represented each predictive variable for our 36 
scenarios of urban growth, we first updated the raster layer of land use for each 2,000 
new dwellings added (according to type of development and spatial location; Table 1). 
Then, we updated all raster layers according to the new land use layer (See Supporting 
Information, Appendix S1 for further methodological details).  
 
Change in occurrence and abundance under future urban development 
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For each species, we used the parameter estimates for fixed effects from our GLMMs to 
predict presences/absences for ground-dwelling mammals and abundance for arboreal 
marsupials across our development scenarios (including the current scenario) (Hijmans 
2015). For individual species occurrence of ground-dwelling mammals, we set each cell 
to present or absent for a given scenario by taking a random sample of presence/absence 
from a binomial distribution according to parameter estimates in our binomial GLMMs 
(function rbinom, package “stats”). To calculate a species’ area of occupancy (Gaston 
& Fuller 2009), we counted the number of cells in which a species was “present” in a 
given scenario. We repeated this process 100 times to obtain 100 estimates of a species’ 
area of occupancy (Gaston & Fuller 2009) for each scenario. For individual species 
abundance of arboreal marsupials, we estimated abundance in each cell for a given 
scenario by taking a random sample from a Poisson distribution according to parameter 
estimates in our Poisson GLMMs (function rpois, package “stats”). We then summed 
estimated abundances across cells for a given scenario. We also summed all individual 
species abundances to obtain summed abundance for all arboreal marsupials in a given 
scenario. We repeated this process 100 times to obtain 100 estimates of each species’ 
abundance as well as summed abundance of all four species for each scenario.  
 
For ground-dwelling mammals, we estimated the change in species’ area of 
occupancy under the 36 development scenarios with respect to the current landscape 
(Sushinsky et al. 2013). For this, we calculated for each of the future scenarios, the 
percentage change in species’ area of occupancy of the 100 estimates with respect to 
the species’ mean area of occupancy in the current landscape (mean over 100 
estimates). We then calculated the mean percentage change (±SE) per scenario. 
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For arboreal marsupials, we calculated a species’ change in abundance as well 
as in summed abundance under the 36 scenarios with respect to the current landscape. 
We calculated for each of the future scenarios the mean (±SE): (1) percentage change in 
individual species abundance of the 100 estimates with respect to the mean abundance 
in the current landscape (mean over 100 estimates); and (2) percentage change in 
summed abundance of the 100 estimates with respect to the mean summed abundance 
in the current landscape (mean over 100 estimates).
 
Results 
Predictive models for mammals 
The best-supported GLMM predicting the occurrence of brown antechinus and bush rat 
included land use only as a fixed effect (Supporting Information, Table S1). The 
probability of occurrence of both species was highest in the native vegetation land use 
category and lowest in residential areas (Table 2). There was no support for any of our 
models for long-nosed bandicoot occurrence (Supporting Information, Table S1). We 
therefore could not estimate the change in its occurrence under future urban 
development. 
 
Table 2. Variable estimates of ground-dwelling mammal occurrence from GLMMs with 
a binomial distribution (logit link) from best models selected using AICc. 
 
Species Variable Estimate SE 
Brown antechinus Intercept 0.18 0.27 
 
Land use Residential -3.04 1.16 
 
Land use Rural residential -1.14 0.71 
Bush rat* Intercept -0.28 0.28 
 
Land use Residential -3.10 1.70 
 
Land use Rural residential -1.09 0.72 
Long-nosed bandicoot Intercept -2.60 0.30 
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Arboreal marsupials exhibited varied responses to urbanization. The common 
brushtail possum was predicted to have the lowest estimated abundances in forested 
cover (i.e. forest and woodlands) away from urban areas, and the highest estimated 
abundances in residential areas and surrounding forested cover (Table 3). In contrast, 
the highest estimated abundance of the sugar glider was in rural residential areas and 
forested cover, and the lowest in residential areas. The abundance of the yellow-bellied 
glider was highest in forested cover away from urban areas and lowest in residential 
areas and adjacent forested cover (Table 3). 
 
Table 3. Variable estimates from GLMMs with a Poisson distribution (log link) for 
arboreal marsupials. Variable “Interface” denote the housing density at a forested-urban 
interface (levels: residential, rural residential), which was combined with “land cover” 
(levels: urban, forested). Intercepts represent estimated abundance (link scale) in 
forested areas ≥ 400 m away from an urban boundary. 
 
Species Variable Estimate SE 
C. brushtail 
possum 
Intercept -5.39 1.46 
InterfaceResidential Land coverForested 2.79 1.61 
InterfaceResidential Land coverUrban 3.01 1.61 
InterfaceRural Land coverForested 0.54 1.75 
InterfaceRural Land coverUrban 2.41 1.63 
C. ringtail 
possum 
Intercept -2.63 0.50 
InterfaceResidential Land coverForested -2.53 2.22 
InterfaceResidential Land coverUrban 1.60 0.96 
InterfaceRural Land coverForested 0.17 0.95 
InterfaceRural Land coverUrban 0.87 0.80 
InterfaceResidential Land coverForested /dist. boundary 0.01 0.01 
InterfaceResidential Land coverUrban /dist. boundary -0.02 0.01 
InterfaceRural Land coverForested /dist. boundary 0.002 0.004 
InterfaceRural Land coverUrban/dist. boundary 0.0000005 0.004 
Sugar glider Intercept -1.74 0.35 
InterfaceResidential Land coverForested -0.08 0.50 
InterfaceResidential Land coverUrban -2.69 1.08 
InterfaceRural Land coverForested 0.20 0.49 
InterfaceRural Land coverUrban -0.04 0.51 
Yellow-
bellied glider 
Intercept -2.84 0.92 
InterfaceResidential -2.84 1.40 
InterfaceRural -1.41 1.14 
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Change in occurrence and abundance under future development 
The estimated areas of occupancy for ground-dwelling mammals exhibited larger 
reductions under dispersed developments compared with compact developments. Area 
of occupancy for both the brown antechinus and bush rat decreased by ~5% with the 
addition of 2,000 new dwellings, and decreased by ~20% with the addition of 8,000 
new dwellings under dispersed developments (Fig. 2c). In contrast, in scenarios of 
compact development, the brown antechinus and bush rat exhibited <2% decrease in 
area of occupancy (Fig. 2a-b). The reduction in area of occupancy of ground-dwelling 
species followed the trend in the extent of clearing of forested vegetation across 
scenarios (Fig. 2, Supporting Information, Appendix S1). 
 
Arboreal marsupials exhibited varied changes in abundance within scenarios of 
development. Summed abundance decreased with the number of new dwellings under 
compact development scenarios, but increased with the new dwellings under dispersed 
development scenarios (Fig. 3). For dispersed development scenarios, the estimated 
abundance of the common brushtail possum and common ringtail possum increased by 
~100% and ~50%, respectively (Fig. 3c). There was a small change in the estimated 
abundance of the sugar glider (<1%), but the estimated abundance of the yellow-bellied 
glider decreased by ~39% when 8,000 new dwellings were added under rural residential 
development scenarios. Compact developments had a negative effect on arboreal 
marsupial abundance, except for the common brushtail possum (Fig. 3a-b). Despite the 
negative effects of compact developments, the reduction in arboreal marsupial 
abundances was small (<6% change under residential development or urban infill) (Fig. 
3a-b). 
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Fig. 2. Estimated mean percentage change of the area occupied by the brown antechinus 
and bush rat under scenarios of future urban growth (see Table 1 and Fig. 1). Solid grey 
line represents the percentage change in the amount of forested vegetation. Dashed 
horizontal line shows no change; SE is not plotted because it is smaller than the point 
(mean).  
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Differences in the amount of change in the distribution and abundance of 
mammals among compact development scenarios were less evident. The reduction in 
the estimated area of occupancy for ground-dwelling mammals was <1% in urban infill 
scenarios and <2% in residential scenarios (Fig. 2a-b). The estimated percentage change 
in abundance for the common brushtail possum and common ringtail possum was 
slightly lower under residential development than under urban infill (~5 units difference 
in the percentage change for 8,000 new dwellings) (Fig. 3a-b). 
 
There was little variation in species’ percentage change due to the spatial 
location of development. Species showed the same trend (i.e. positive, negative or 
neutral) within each kind of urban growth form irrespective of the spatial location of 
development (Figs 2 & 3).  
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Fig. 3. Estimated mean percentage change for arboreal marsupial abundance under 
scenarios of future urban growth (see Table 1 and Fig. 1). Dashed horizontal line shows 
no change; SE is not plotted because it is usually smaller than point (mean). 
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Discussion 
Mammal conservation was best achieved by avoiding dispersed (low-density housing) 
development and growing urban areas with any kind of compact (high-density housing) 
development (Q1-Q2 in the Introduction). While the housing density of development 
had a large impact on the distribution and abundance of mammals, the spatial location 
of development had a limited effect (Q3 in the Introduction). 
 
Q1. Land sharing or land sparing? Dispersed versus compact developments 
Our landscape-scale predictions of change to species occupancy and abundance 
demonstrate that lower local-scale impacts on mammals of low- compared with high-
density housing did not compensate for the extensive modification of high-quality 
habitat (forested land) necessary to meet low-density housing targets. Overall, the 
species in our study were therefore likely to be less affected by compact rather than 
dispersed urban growth (Figs 2 & 3). 
  
Our predictions for arboreal mammals revealed a variety of responses to 
dispersed development. Dispersed development scenarios increased summed abundance 
of arboreal mammals, a result consistent with earlier work on the conservation value of 
urban areas developed at a lower density of housing (Ikin et al. 2013; Villaseñor et al. 
2014). However, increased summed abundance was not reflective of increased numbers 
across all species of arboreal mammals, but instead was driven by two species. The 
common brushtail possum (a species adapted to urban environments), doubled its 
population size, and the common ringtail possum increased by~50% at the highest 
urbanization level (8,000 dwellings). Both species benefited from the sprawl of 
dispersed development probably because of their plasticity in diet, habit, and den site 
use, which allows the use of multiple resources in urban environments (Isaac et al. 
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2014). Another arboreal mammal, the sugar glider, tolerates habitat modification (van 
der Ree & McCarthy 2005; Isaac et al. 2014) and was not affected by rural residential 
scenarios of dispersed development because they retained mature tree cover. In contrast, 
the yellow-bellied glider (a species more abundant in the forested interior) exhibited up 
to a 40% drop in abundance under dispersed development. This forest-dwelling species 
needs large expanses of forested land (Lindenmayer, Cunningham & McCarthy 1999). 
Our models predicted a decrease in its abundance not only in urban areas, but also in 
adjacent forested areas (forested-urban interfaces, Table 3), showing an extended 
negative edge effect from urban settlements into adjacent forests (Villaseñor et al. 
2014). Species that decline in urban areas and adjacent habitats, are likely to be severely 
impacted under expansion of low-density housing.  
 
When assessed at a landscape scale, dispersed development scenarios negatively 
affected ground-dwelling mammals, with up to ~20% reduction in area of occupancy 
expected for the brown antechinus and bush rat. Our predictive models showed that 
these species were more likely to occupy low- rather than high-density housing 
(estimated probabilities of occurrence: brown antechinus= 0.24 vs. 0.05; bush rat= 0.23 
vs. 0.03), and agreed with previous studies finding that these species are more likely to 
persist in less intensively developed urban areas (van der Ree & McCarthy 2005) (Table 
2). However, the estimated area of occupancy for small ground-dwelling mammals was 
lowest in rural residential scenarios of urban growth (Fig. 2). This was because the 
modified forested land area was ~22 times larger under dispersed than under compact 
development.  
 
Land sparing may help conserve animal populations that are sensitive to 
landscape change because compact developments limit disturbance to a small area. 
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Thus, forest-dependent species and species negatively affected by urban boundaries 
(e.g. forest-interior), are likely to be less affected by compact rather than dispersed 
urban growth. Although only a few studies from around the world have predicted the 
fate of animals under compact versus dispersed urban growth (Gagne & Fahrig 2010b; 
Gagne & Fahrig 2010a; Sushinsky et al. 2013; Soga et al. 2014) these studies have 
found support for land sparing rather than land sharing. For instance, hypothetical 
scenarios have showed that forest-dependent taxa that strongly decline with increasing 
housing density had the highest abundances and species richness in compact rather than 
dispersed scenarios of development (Gagne & Fahrig 2010b; Gagne & Fahrig 2010a). 
In addition, compact developments retain larger greenspace and are predicted to have 
larger distributions of urban-sensitive birds than dispersed developments in Brisbane, 
Australia (Sushinsky et al. 2013), as well as higher abundance of carabid beetles in 
Tokyo, Japan (Soga et al. 2014).  
 
Q2. Compact development: Residential versus urban infill 
We found similar responses (trends) in mammals under different kinds of compact 
developments (i.e. urban infill and residential). The very small differences among urban 
infill and residential developments were driven by the scale of our analysis. This was 
because only a small number of cells changed under compact scenarios compared to the 
total number of cells in our landscape (Fig. 1), and all final responses (percentage 
change in species abundance and area of occupancy) were calculated at the landscape 
scale. Analyses within a city limits have found that urban infill tends to have better 
outcomes for birds (Sushinsky et al. 2013) and beetles (Soga et al. 2014) than 
conversion of green spaces, but at a low number of dwellings in the landscape, urban 
infill may be worse for species adapted to open spaces (e.g. butterflies, Soga et al. 
2014).  
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 Q3. Spatial location of development 
There is long-standing evidence on the effects of the spatial arrangement or 
configuration of landscape elements on fauna (Theobald, Miller & Hobbs 1997; Haddad 
et al. 2015). However, we found little variation due to spatial locations within urban 
growth forms. Based on our findings, landscape planning that considers only spatial 
location and not the intensity of the threat (compact versus dispersed development) 
might be wasting valuable resources on detailed plans for conservation when the 
outcomes of different spatial allocation scenarios are very similar. However, the limited 
impact of different locations of development in our study may have been a result of (1) 
the expansive nature of urban growth (urban cells developed in proximity to current 
urban cells, which limited the amount of urban boundaries and their edge effects) 
(Theobald, Miller & Hobbs 1997), (2) a lack in our predictive models of variables that 
varied with the spatial location of development (e.g. distance to the coast), (3) a lack of 
spatial dependence in our predictions, and (4) only forested vegetation types were 
susceptible to land development. If development occurs on vegetation types with 
different quality for fauna, the location of development is likely to be relevant. 
Furthermore, spatial configuration effects are likely to increase in importance with 
continued urban sprawl because a lower proportion of the original landscape will 
remain (Haddad et al. 2015).  
 
Implications for urbanizing forested ecosystems 
Increasing evidence suggests that compact development (land sparing) is less damaging 
for biodiversity than dispersed development (land sharing) when controlling for housing 
demand (Gagne & Fahrig 2010b; Gagne & Fahrig 2010a; Sushinsky et al. 2013; Soga et 
al. 2014). Furthermore, dispersed (exurban) development around cities and towns can 
severely affect forest-dependent fauna (Brown et al. 2014). Although overall abundance 
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increased under dispersed urban growth, we showed this measure overlooked important 
changes to individual species’ distributions and abundances, which are likely to change 
ecological interactions and could lead to unexpected cascading extinctions 
(Lindenmayer 2015). Due to pervasive deforestation and forest fragmentation 
worldwide (Haddad et al. 2015), there is an urgent need for urban growth policies to 
limit the detrimental effect of low-density housing development on forest ecosystems. 
 
Conclusion 
What is the least damaging strategy of urban growth for forest-dwelling mammals? 
Low-density housing has less detrimental effects on forest-dwelling mammals than 
high-density housing at the local scale. However, we found that compact urban growth 
minimized the change in the distribution and abundance of native mammals compared 
to dispersed urban growth. The area of occupancy of two small ground-dwelling 
mammals and the abundance of a tree-dwelling species (negatively affected by urban 
boundaries) were reduced under any kind of urban growth. However, compact 
development had less impact than dispersed development on these species because the 
land area modified was several (~22) times smaller under compact than under dispersed 
development. This limited the loss of forested cover and the amount of forest subject to 
negative edge effects from urban areas. In addition, we found that housing density was 
the main driver of change of mammal distribution and abundance, with little evidence 
of change due to spatial location of development. We show that in the face of urban 
development, measures of change focused on overall abundance may overlook 
important changes to individual species. Due to increasing evidence of the detrimental 
effects of dispersed development on forests and the biodiversity they sustain, we 
recommend that urban planning and urban growth policies should highlight the 
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importance of considering individual species responses to development, and avoid 
expansion of low-density housing developments into forested lands. 
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Supporting Information 
 
Appendix S1. Methodological details 
 
1. To update raster layers of vegetation type for each scenario, we first estimated the 
percentage clearing by urban growth form with help of the National Vegetation 
Information System (NVIS). Based on the NVIS, the percentage of cleared cells was 
81% in residential developments and 42% in rural residential developments. Then, we 
updated the raster layer of vegetation type by randomly selecting new developed cells 
(in the corresponding percentages according to housing density) and assigning the level 
“cleared”. 
 
2. To account for the predictive variables in Generalized Linear Mixed Models 
(GLMMs) for arboreal marsupials, predictive raster layers for arboreal marsupials were 
calculated as described below: 
(1) We only considered urban and forested cells. Forested cells included two vegetation 
types in the NVIS layer: “forest” and “woodland”.  
(2) We represented the forested-urban interface (area up to 400 m each side of the 
urban-forested boundary) by a 400 m buffer around the urban boundary line in 
residential and rural residential areas.  
(3) Forested areas away from urban settlements were represented by forested cover 
≥400 m away from an urban boundary. 
(4) To estimate the distance to a forested-urban boundary in our urban growth scenarios, 
we calculated the distance to the nearest urban boundary (for forested cells) and to the 
nearest forested boundary (for urban cells). Then, we reclassified distances >400 m to 
400 m, so if there were any edge effects from the urban-forested boundary in our 
predictive models, they stabilized at those distances. 
(5) We excluded Jervis Bay Peninsula from predictions for arboreal marsupials because 
of local extinctions of arboreal marsupials registered in this area (Lindenmayer 2015). 
 
Reference 
Lindenmayer, D.B. (2015) Continental-level biodiversity collapse. Proceedings of the 
National Academy of Sciences, 112, 4514-4515. 
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Table S1. Model selection for ground-dwelling mammals.  
Model selection using Akaike’s Information Criterion corrected by small sample size (AICc) on GLMMs with binomial distribution (logit link) 
describing the occurrence of each ground-dwelling mammal species in the study area (presence/absence data from 174 locations). All models included 
random effect of site (see Main Manuscript). Models with lowest AICc had higher support. Weight shows the relative probability of the model being 
the best model of the candidate set. Best models are in bold. 
 
Species Intercept Land use Vegetation type √Dist. to urban √Dist. to coast* df logLik AICc ΔAICc weight 
Brown antechinus 
X X 
   
4 -106.92 222.10 0 0.44 
X X 
 
X 
 
5 -106.34 223.00 0.96† 0.27 
 
X 
 
X 
  
6 -106.50 225.50 3.43 0.08 
 
X 
 
X X 
 
7 -105.49 225.60 3.57 0.07 
 
X 
  
X 
 
3 -109.88 225.90 3.82 0.07 
 
X X X 
  
8 -105.04 227.00 4.87 0.04 
 
X X X X 
 
9 -104.63 228.40 6.28 0.02 
 
X 
    
2 -113.27 230.60 8.53 0.01 
Bush rat** X X 
   
4 -103.33 214.81 0 0.46 
 
X X 
 
X 
 
5 -102.42 215.07 0.27† 0.40 
 
X 
  
X 
 
3 -105.99 218.06 3.25 0.09 
 
X X X 
  
8 -102.01 220.69 5.88 0.02 
 
X X X X 
 
9 -101.38 221.63 6.83 0.02 
 
X 
 
X X 
 
7 -104.34 223.18 8.37 0.01 
 
X 
    
2 -109.90 223.82 9.01 0.01 
 
X 
 
X 
  
6 -106.03 224.41 9.60 0.00 
Long-nosed 
bandicoot 
X 
    
2 -43.67 91.40 0 0.45 
X 
  
X 
 
3 -43.51 93.20 1.76† 0.19 
 
X 
   
X 3 -43.65 93.40 2.05 0.16 
 
X 
  
X X 4 -43.33 94.90 3.49 0.08 
 
X X 
   
4 -43.62 95.50 4.07 0.06 
 
X X 
 
X 
 
5 -43.04 96.40 5.04 0.04 
 
X X 
  
X 5 -43.62 97.60 6.18 0.02 
 
X X 
 
X X 6 -42.83 98.20 6.75 0.02 
*Variable only modelled for long-nosed bandicoot. **GLMM fit by maximum likelihood (Laplace Approximation) and normal priors on fixed effects. 
† Model containing uninformative parameters (ΔAICc < 2 and one additional parameter compared to the best model). The uninformative parameter does not explain 
enough variation and it should not be interpreted (Arnold 2010).
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Information Criterion. Journal of Wildlife Management, 74, 1175-1178. 
